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PREFACE

The Proceedings of the Repair, Evaluation, Maintenance, and Rehabilita-
tion (REMR) Research Program Workshop, "Assessing the Stability of Concrete
Structures on Rock," were prepared for the Office, Chief of Engineers (OCE),
US Army by the US Army Engineer Waterways Experiment Station (WES), The
proceedings provide a record of the papers presented and the reports of the
five working groups.

The meeting was organized by WES under the direction of Mr. William F.
McCleese, REMR Program Manager, and Mr. Lucian Guthrie, OCE Technical Monitor.
Acknowledgements are extended to the following: CPT Wylie Bearup for arrang-
ing for the meeting place, video equipment, tape recorders, and paper
supplies; each of the speakers who gave a presentation on the first day of the
workshop and who furnished a summary for these proceedings; the chairman of
each working group who presided cver the discussions and presented the
findings and conclusions of the working group before the workshop attendees;
and the recorders for keeping a record of the working group activities and
preparing the report for these proceedings. The proceedings were compiled
by Mr. McCleese.

The Workshop was funded by REMR Research Program under Work Unit 32306,
"Stability of Existing Concrete Structures on Rock." OCE supervision was pro-
vided by Mr. Jesse A, Pfeiffer, Jr., Directorate of Research and Development;
and by Messrs. John R. Mikel (Chairman), Tony C. Liu, and Bruce L. McCartney
of the REMR Overview Committee. Mr. Lucian Guthrie and Mr. Paul R. Fisher
were the OCE Technical Monitors.

Director of WES at the time of the workshop was COL Allen F. Grum, USA.
The present Commander and Director of WES is COL Dwayne G. Lee, CE. Technical
Director is Dr. Robert W. Whalin.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)

UNITS OF MEASUREMENTS

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply By To Obtain
acres 4,046.873 square metres
degrees (angle) 0.01745329 radians
feet 0.3048 metres
inches 25.4 millimetres
kips (force) per square foot 47.88026 kilopascals
kips (force) §.448222 kilonewtons
miles 1.609347 kilometres
pounds (force) per square inch 6.894757 kilopascals
pounds (mass) per cubic foot 16.01846 kilograms per cubic metre
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PROCEEDINGS OF REMR WORKSHOP ON ASSESSMENT OF THE
STABILITY OF CONCRETE STRUCTURES ON ROCK

INTRODUCTION

The Repair, Evaluation, Maintenance, and Rehabilitation (REMR) Workshop
on "Assessing the Stability cf Comcrete Structures on Rock" was held at the
Holiday Inn, Vicksburg, Mississippi, on 10-12 September 1985. The Workshop
was sponsored by a research work unit under the REMR program entitled, "Stabi-
lity of Existing Concrete Structures on Rock." Dr. Carl Pace of the WES
Structures Laboratory and Mr. James Warriner of the WES Geotechnical
Laboratory are the principal investigators for this work unit.

The stability assessment problem is a multidisciplinary problem which
requires the combined efforts of geotechnical and structural personnel for a
total solution. A good representatior of both groups was present at the
workshop. The objectives of the Workshop were:

(1) To promote and establish a good rapport between the geotechnical
and structural personnel that would lead to a better understanding of the
total problem and a system approach tc developing the best possible guidance.

(2) To identify shortfalls in present criteria, procedures, and
techniques.

(3) To identify some potential sclutions to the identified shortfalls
and field input on the areas where research is most needed and most likely tc
produce significant results,

The first day of the Workshop was devoted to presentations on the
experiences, problems, and current practices relating to stzbility of concrete
structures on rock. On the second and third days, attendees were assigned to
one of five working groups which met concurrently to summarize existing proce-
dures, identify shortfalls, and recommend potential solutions and directions
for future research, The presentations that were given and a record of the

activities of each working group are documented in these Proceedings.




REMR Workshop of the Stability of Concrete Structures on Rock
10-12 September 1985

ATTENDEES

Vicksburg, Mississippi

Group FTS Phone Commercial
Name Organization No. No. Phone No.

Agostinelli, Vic LMVED-TS 5 542-5933 (601) 634-5933
Anderson, Robert WESGR 4 542-3245 (601) 634-3245
Banks, Don WESGR 542-2630 (601) 634-2630
Bearup, Wylie WESSC-A 3 542-3815 (601) 634-3185
Berezniak, Jack NABEN-F 1 922-443]

Boggs, Howard BuRec, Denver 776-4000 (303) 236-4000
Buttrey, Cal TVA 4 856-3336 (615) 632-3336
Canning, Charles ORDED-G 1 684-3028

Chambers, Donald NPPEN-DB-SA 3 (503) 221-6906
Clough, Wayvne Virginia Tech 3 (703) 961-6637
Deal Hubert TVA 3 856-3030 (615) 632-3030
DeLoach, Stephen ETL-TD-EA 4% 385-2816 (202) 355-2816
Dempsey, Lavane NCLE-S 1 725-7593

Coak, Sam NCRED 5 (309) 788-6361
Dowdinyg, C. H. Northwestern Univ. (312) 491-4338
Dressler, Don DAEN-ECE-D 3% 272-8674 (202) 272-8674
Erhart, Joseph NCBED-DD 3 473-2204

Fuster, Jerry FERC 3 376-9213

Gaddie, Thurman ORDED-T 5 684-2159

Godwin, Neal Jr. SWDCO-C 2 729-2429

Greene, Brian NCBED-DD 2 473-2241

Gribar, John ORPED-DM 1 722-6820

Croves, Chris Shannon & Wilson -

Gustafson, Lewis NPDEN-GS 4 423-3867

Guthrie, Luciar DAEN-ECE-D 5% 272-8673 (202) 272-8673
Hadala, Paul WESGV 2% 452-3475 (601) 634-3475
Jacksen, Lawson SWDED-G 2 729-3278

John, Robert ORPED-G 2 722-4126

Johnson, Garrett NPSEN-DB-ST 1 309-3790

Kleber, Rrian LMSED-FI 4 273-5638 (314) 263-5638
Kling, Charles SAMEN-DN 3 537-2635

Kovari, Kalman ETU-Zurich 4

Krysa, Anton ORPED-DM 5 722-5453

Lee, M. K. DAFN-ECE-D 5 272-8676 (202) 272-8676
Lofton, Edd SWLED-DS 4 740-5161

Logsdon, Don NCRED 3 (309) 788-6361
Long, Stuart CRPED-GG 1 722-4164

McCleese, Bill WESSC S5%% 542-2512 (601) 634-2512
Munger, Dale DAEN-ECE-G 3 272-0210 (202) 272-0210

* Working Group Chairman.

#* Working Group Recorder.




Group FTS Phone Commercial
Name Organization No. No. Phone No.

Nicholson, Glenn WESGR 1% 542-3611 (601) 634-2611
Oliver, Llovd SAMEN-DG 1 537-3684

Pace, Carl WESSC 3% 542-3221 (601) 634-3221
Peters, John WESGE 3 542-2590 (601) €34-2590
Rahdakrishnan, N. WESKV 3 542-2187 (601) 634-2187
Riddle, Todd LMVED-GG 2 542-5886 (601) 634-5886
Schlaht, lLarry MROED 1 864~4485

Singh, Hari NCD/WESGR-M 1%* 542-3974 (601) 634-3974
Singhal, Avi WESSC (ASU) 4%% (601) 965-6901
Simmons, Marvin ORDN-G 1 852-5686 (615) 251-5686
Snipes, Robert Jr. SAWEN-GS 4 671-4705

Speaker, John ORLED-D 1 382-5601

Staab, Ervill MRCED-TS 3 864-7222 (402) 221-7222
Strom, Ralph NPDFN-TE 5 423-3863

Tracey, Fred WESKA-E 3 542-3509 (601) £34-3509
Warriner, James WESGR-M 2%% 542-3610 (601) ©34-3610
Weaver, Frank LMVD 1 542--5896 (601) 634-5896
White, John SPKED-D 3 460-2070 (916) 551-2070
Wright, Richard NANEN-DF b (212) 264-0847
Yost, Bob ORHED-G 2 924-5234




ACENTA

REMR Workshop on the Assessment of the Stability of
Concrete Structures on Rock

Contference Room at Holiday Inn

Tuesday
Sept. 10, 1985 Presentations Speaker
8:30 a.m. Welcome, Announcements, Bill Mc’leese
! Objectives, and Plans
8:40 a.m. Summary of Experiences, Thurman Gaddie
Problems, and Needs of
Ohio River Division
9:10 a.m. Summary of Experiences, Hari Singh
Problems, and Needs of
North Central Division
9:40 a.m. Survey of Stability Larry Schlaht
Investigations of Concrete
Structures on Rock
10:10 a.m. Coffee Break
10:30 a.m. Stability Analysis of Carl Pace and
Troy Lock and Dam Chris Groves
11:10 a.m. Current Practices of Harold Ruttrey
Tennessee Valley Authority
11:40 a.m, Lunch
12:00 p.m., Current Practices of Howard Boggs
Bureau of Reclamation
1:10 p.m. Current Practices of Jerry Foster
Federal Energy Regulatory
Commission
1:40 p.m. Computer Codes Available N. Radhakrishnan
to Assist in Stability
Analysis
2:10 p.m. Coffee Break
2:30 p.m. Experiences in Stability Kalman Kovari
Analysis and Borehole
Micrometer
8
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USF OF ROCK ANCHORS TO IMPRCVE STABILITY OF
STRUCTURES WITHIN THE OHIO RIVER DIVISION

Mr. Thurman Gaddie

U.S. Army Corps cof Engineers,

S§3 Ohio River Division

1. Within the last 20 years, rock anchers have been used to repair fractures
and to improve stability of 28 structures within the Ohio River Division.
Twenty-two of these applications were for the purpose of assuring stability of
both new and existing structures. A tabular summary of these 22 stability
applications is presented in Table 1#7  The stability criteria used for the
design of rock anchors are shown, <é§:.

2. It will be noted that the stability criteria shown varyvy substantially.
This variation is ccnsidered warranted as the criteria were based on the
degree to which foundation strengths, geologic conditions and loadings were
known or could reasonably be determined. Less conservative factors of safetv
were used where detailed foundation investigations were conducted (by means of
calyx holes, hand-cut foundation block specimens, joint and fault mapping, and
extensive laboratory testing) and reascnably conservative failure plane
assumptions were employed. FPrevious maximum loadings on existing structures
were carefully considered. Where apprepriate, consultants were emploved to
evaluate design parameters, analyses, and procedures.

3. In summarv, considerable engincering judgement went intc selecting design
criteria that were compatible with the degree of certainty to which other
design parameters could reasonable be established. In the author's view, it
would be inappropriate for the Corps to establish firm stabjlity criteria for
remedial work, without closely relating factors of safetv to the methods and
procedures for investigating foundation conditions, assigning strengths and
numerically analyzing stability.

4, Slides of remedial work were shown and discussed.

* A table of factors for converting ncr-S1 units oi measurement to SI
(metric) urits 1s presented on page 4.

10



Tuesday
Sept. 10, 1985 Presentations Speaker
3:10 p.m. New ETL, "Stability M. K. Lee
Criteria for the
Rehabilitation of Navigation
Concrete Structures"
3:30 p.m. Measurement for In-Situ Wayne Clough
Backfill Pressures
4:00 p.m. Adjourn*
Wednesday
Sept. 11, 1985 Working Group Sessions (Total of 5)
8:00 a.m. Meet in Main Conference Room for
assignments and instructions.
8:15-11:00 a.m. Individual Working Groups meet in
separate rooms to derive an outline for
their final prescntation and report.
11:00-12:00 a.m. Main Conferernce Room. Each Chairman will
make a 10-minute presentation on the
outline and plans of their working group.
12:00-1:00 p.m. Lunch
1:00-4:30 p.m, Individual Working Croup meetings
4:30 p.m. Adjourn
Thursday
Sept. 12, 1985 Working Group Sessions (Total of 5)
8:00-12:00 Individual Working Group meeting
12:00-1:6C p.m, Lunch
1:00-3:30 p.m. Presentations by Chairmen of each
Working Group (30 minutes each)
3:30 p.m. Adjourn

*NOTE: Working Group Chairmen and Recorders will meet for a 15-minute
discussion to be led by Avi Singhal.
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SUMMARY OF EXPERIENCES, PROBLEMS, AND NEEDS OF
NORTH CENTRAL DIVISION
ADPOO05682
ADIOOQ_} 8
U.S. Armv Corps of Engineers,
j&i North Central Division

1. North Central Division (NCD) has the responsibility of maintaining

Hari Singh

existing Corps structures located in the Great Lakes areas, along the lpper
Mississippl River and its drainage areas, arnd along part of the St. Lawrence
Seaway. Some of these structures are founded on rock, especially those aleng
the Illinois Waterways in the Rock Island District, the St. Lawrence Seaway in
the Buffalo District and in the Sault Ste. Marie area in the Detroit District.
A great majority of these structures are navigation locks, and the remaining

are spillway structures for earth dams.

2. ER 11!0-2-100, "Periodic Inspection and Continuing Fvaluation of Completec
Civil Works Structures,”" 1973 with changes to 1977, requires in part: "Sta-
bility of principal concrete and earth structures should be reviewed, based on
current criterfa in cases where original design criteria were less conserva-
tive." In compliance with this FR, our districts have launched their respec-
tive program to evaluate the stability of all their structures on rock
foundations. However, because ot many other responsibilities, they have not
been able to azllocate envugh resources to complete the evaluations of ail of
the structures, and only about 25 percent of the structures have been

evaluated.

3. The evaluation analyses performed by the districts and reviewed by the
North Central Division indicate that a great majority cf the structures do not
satisfy the current stability requirements. The ovevturning requirement was
the most critical for all of the evaluated structures. The requirements for

sliding were satisfied in the majority of cases.
4, Results of the evaluaticn analysis of three lock structures have been

shown in Tables 1 thru 4 and Figures | thru 3. These results are typical of

al) of the evaluations conducted to date in the North Central Division. The
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results clearly indicate that the Corps of FEngineers' requirements for stabil-
ity are not satisfied in these three examples. Remedial measures in the form
of posttensioned anchors are needed to stabilize the structures. The esti-
mated costs for the remedial measures for the Eisenhower Lock is about

$20 million; for the Davis and Sabin Locks the estimated costs is about

$10 million. Lockport Lock was reevaluated on the tasis of a revised value of
coefficient of earth pressure and a less severe criterion for stability as
outlined in Table 1 of Draft ETL "Stagbility Criteria for Relabilitation of
Navigation Concrete Structures" (Appendix B). The revised analysis met the
requirements of the Draft ETL; therefore, no remedial action was taken to
stabilize the structure when the structure was rehabilitated last year for

other structural detficiencies.

5. An in-depth review of the method ot aralysis, louads considered, and the
shear strength parameters used in the evalvations revealed that our methods of
computing earth pressures, and the shear strength selection procedure for rock

foundations are very conservative.

6. EM=1110-2-2502 (29 May 1961) requires evaluatinn of earth pressure against
structures on a rock foundation on the basis of the at-rest pressure (KO) con-
dition. This leads to overestimation of the earth pressures in two ways:

(a) evaluation of KO for compacted so0ils is very complicated and there is not
enough information either in Corps manuals or published literature for a rea-
sonable evaluation of this parameter. Designers, therefore, assume a very
conservative value for KO to protect themselves from embarrassment in case
failure occurs: (b) the K0 condition does not appear reasonable for evaluation
of all structures on rock foundations. Structures which are founded on rela-
tively softer rock will undergo laterai movements under load due to the elas-
ticity of the foundation materials. This lateral movement results in a state
of stress in the backfill which is between the active pressure condition (Ka)
and KO. Therefeore, it is necessary tc develop a mechod to evaluate Ko for
compacted backfill with reasonable accuracv to be used in the evaluation of
the structures on hard rock, and a criterion to choose a coefficient of earth

pressure between Ka and Ko to evaluate structures on relatively softer rock.
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7. The selection of shear strength parameters for sliding stability in Corps
projects depends upon the abhility and the judgement of the person responsible
for exploration ard testing. Corps manuals do not provide guidelines on how
to select specimens for testing and what fajilure criteria (peak, ultimate, or
residual) should be used in determining design shear strength. In the absence
of any guidelines, the shear strength parameters for reevaluation are selected
on the basis of the shear strength of intact rock, and the sliding friction of
saw-cut specimens. Specimens of grout over saw-cut rock are tested to repre~
sent shear strength parameters at the concrete-rock interface. None of the
above strength parameters truly represent the actuval condition along a poten-
tial failvre plane. Sliding failure generally occurs along an existing dis-
continuity; therefore, shear strength parameters of discontinuities should be
used in design rather than the shear strength of intact rock and the sliding
friction angles of precut rocks. It is, therefore, necessary to provide
guidelines on selection procedures for shear strength parameters, selecting

test specimens, etc., for discontinuities.

8. Traditional methods of evaluating overturning stability neglects a signif-
icant element of stability. It appears reasonable to telieve that when a
retaining structure tends to rotate about its toe, a surface of rupture (plane
or curve) with resistive shear stresses acting along it has to develop in the
backfill materials when the backfill materials extend considerably beyond the
heel. This resistive force adds stability to the structure and should be con-
sidered in an evaluation of overturning stabilitv. North Central Division
strongiy feels that a research program should be launched to study and evalu-
ate the magnitude of such a resistive force and to incorporate this resistive

force into our existing method cf overturning stability analysis.
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TABLE 2
I.OCKPORT LOCK - STABILITY ANALYSiS
Lock Chamber Land Wall

Anchor Force
Req'd to Meet

Bearing Overturning Sliding Factor
Pressure Criteria of Safety
ksf k/ft Lower Bound

Sliding Factor
of Safety
Upper Pound

19

Case (Ult = 1,991) (80 k/ft provided) Rock Parameters Rock Parameters
I 16.6 61.7 2.8 18.0
11 18.6 60.7 1.8 13.2
111 17.€ 40.7 2.4 15.8
1V 18.7 46.9 2.5 16.0
TABLE 3
LOCKPORT 1L.OCK - STABILTTY ANALYSIS
Lock Chamber River Wall
Bearing Sliding Facter Sliding Factor
Pressure of Safety of Safety
ksf Base Area Lower Bound U'pper Bound
Case (Ult = 1,991) (in Compression) Soil Parameters Soil Parameters
1 9.0 100% 1.5 17.4
IT 18.0 1007 14.9 153.9
Case l: Normal operating condition. Lower pool in lock chamber at
EL.539.00, backfill saturatien to EL.549.00.
Case I1: Extreme operating condition same as Case 7 with backfill
saturation raised to FL.561.00.
Case II1: Extreme maintenance condition, same as Case I, with lock
chamber unwatered to lock floor, EL.523.
Case 1V: Same as Case I with Farthquake loading.
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TAEBLE 4

STABILITY RESULTS, DAVIS & SABIN LOCKS

REQUIRE~
CONDITION SECTION MENT RESULTS
Lock dewatered, Narrow wall F.S. 2 2 F.S. = 1.25
sliding toward near upstream w/o floor
chamrber end
F.8. > 2.0
w/floor
Lock dewatered, Narrow wall Resultant 3' outside
overturning near upstream in middle the middle
toward chamber end 1/2 1/2
Lock at low pool, Narrow wall Resultant 4.8' outside
overturning near upstream in middle kern
toward chamber end 1/3 (kern)
Lock dewatered, Upstream gate Resultant 0.25" with-
overturning toward monolith used in middle in middle
chamber as bulkhead 1/2 1/72
Lock dewatered Upstream gate F.5. 2 2 F.S. >> 2
sliding toward monolith used
chamber as bulkhead
F.S. may be
Lock at low Lock Floor slightly less
pool - uplift than 2
Sabin lock at high Narrow wall F.S. 2 2 F.S. > 2.0
pool sliding away on north side
from chamber near down~
stream end
Sabin lock at Narrow wall Resultant Resultant
high pool on north side within kern within
overturning away near down- kern

from chamber

stream end
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SURVEY OF STABTLITY INVESTIGATIONS OF CONCRETE STRUCTURES o7 -

ADLC 0 o0

larrv Schlaht - -0 AR

-

U.S. Army Corps of Fnginecrs,
Omaha District

1. Omaha District personnel conducted a survey [n carly 9= nertiol a0

methods and criteria used or completed and ongoliny stubility Tove tive

for Corps of Engineers concrete structures on rock foundations, B0 orrore
was funded under the Repair, Evaluation, Mainteuance and Relobiliv. oo bk
Research Program and a draft report on the surver was= corpleto ! U the o>
District in Jdune 1985. ».

>

+
2. Mr. Schlaht's presentation at the stability woreshor war L Lur i SR

survev., He discussed the wav the survev was conducted. th - repoo

survey, and the conclusions reached. The Conclusions a7 Deo om0 adat

of the dratt surveyv report are provided helow. Most or ir. Coar! n
tatjon was drawn from this part of the report.  The text o oo P
duced below) has been modified slightlv to ormit retercice. oo or

of the report.

Conclusions

(riteria Reterences

a. In the course o! communicating with manyv of the istrict avd D0 (o

Otfices during this survev, it has heen sceused tha

some confusion, but also Jissatisfaction involving metiods and arrlic-
able criteria for the stability of concrete structures cn roce

foundations.

b. Some of the confusion mav come from the fact that there are numerous
references within the Corps of Engireers on stability criteria,
depending con the tvpe of structure. COther scurces o con‘usion mav
be the result of changes made in the criteria. For instance, erav.t
dam design stability criteria were formerly piven in IM 1110-"-0 60

in 1958, then modified by ETL 1110-2-63% in 1969, nodified turther b




FTL 1110-2-184 in 1974, and finally modified to the current procedures
by ETL 1110-2-256 in 1981.

Some incontinuity has also evolved by the changes. The last change

of criteria (ETL 1110-2-256) in 1981 changed the method and required
factor of safety for determining the sliding stability for all con-

crete structures on rock foundations and left the designer to refer

to a particular previous reference for other criteria such as

overturning.

Overturaning Criteria

d.

For those structures which were found to be inadequate for overturn-
ing criteria, the evidence of this survey which includes opinions
from various other Corps offices indicates that the majority of the
inadequacies probably are the result of more conservative uplift
assumptions used for the reevaluation as compared to the original
analyses. Most uplift assumptions for reevaluations assumed a
straight-line distribution ar the base of the structure varying from
full headwater to full tailwater pressure and the pressure was
assumed to be acting over the entire area of the structure under con-
sideration. Most of the older original design analyses generally
assumed values which were about fifty to sixty-seven percent less

than the reevaluation assumptions.

Some of the structures which were found to be inadequate for over-
turning, were simply the result of using a higher seismic coefficient
than that used in the design. For one of these structures, a wave
force with a magnitude ten times greater than that used in the origi-

nal design was also applied.

Sliding Criteria

f.

For the structures which were found to be inadequate for sliding cri-
teria, it is assumed that the principal reason for the deficiency is

that the shear strengths used in the reevaluations were substantially
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below those used in the original design assumptions for the cases
where either shear friction formula or limit equilibrium analyses
were computed. It is noteworthy that for two projects, the lock and
spillway structures at the Troy Lake projects and the lock chamber
walls for the Lockport Lock project, the required factors of safety
were lowered when using lower bound strengths and raised, in the case
of the Lockport Lock, when using upper bound strengths. Even these
changes in required factor of safety did not keep these projects from

1
being deficient in s2iding stability

Recommendations

g. The following recommendations are made with the objective of improv-
ing the overall system of stability investigations procedures and

criteria:

(1) Consider combining all or most structural stability procedures

and criteria into one reference document to eliminate confusion.

(2) Consider additional research using instrumentation data to
determine the possibility of using less severe uplift assump-

tions for reevaluation analyses.

(3) Consider changing the criteria for the required factor of safety
to allow more flexibility for variations in shear strengths and
loading conditions. As an example, it may be desirable under
certain circumstances to require factors of safety for different
shear strength assumptions such as upper bound shear strengths
and lower bound shear strengths (residual) similar to that done
at the Lockport project. Additionally, consideration should be
given to requiring a reduced factor 5f safety for maximum reser-

voir conditions in addition to the factor ol safety for normal

! For the Troy Project, this statement is based on the stability analysis

conducted bv WES, ShannontWilson, Inc. later performed a staltility analysis
of the Troy Project and their conclusions are included in the presentation
by Mr. Chris Groves (page 136).
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(5

(6)

or usual conditions and for earthquake or extreme loading condi-
tions. Reduced factors of safety for lower shear strengths have
been used at the Troy Lake project and the Lockport project.
Also, reduced factors of safety have been used by the St. Paul

District ard Pittsburgh District.

Consider adding more discussion on the selection of shear
strengths in any document where criteria are revised. Included
should be a thorough discussion on the determination of shear
strengths accounting for the effect of deformation or strain
incompatibility; type of testing; geological input in the selec-
tion of shear wtrengths; and effect of the confidence in the
drilling, sampling, and testing programs on the selection of
design shear strengths. It also would be appropriate to stress
the importance of the selection of the design shear strength and
to adopt a selection criteria based on the confidence level of

the testing progran.

Consider the presentation and listing of computer programs which
are acceptable for analvsis of structures in revised stability

criteria documents.

Consider additional research of other owners of structures, such
as the Bureau of Reclamation and others, to determine whether
they have had similar problems of inadequacy under reevaluation

processes.
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STABILITY ANALYSIS OF TROY LOCK AND DAM

Carl Pace

Structures Latoratory
SSQJ US Army Engineer Waterways Experiment Station

1. Troy Lock, Dam, and Powerhouse are located on the Hudson River in upstate
New York (Figure 1) 156 miles from New York Harbor. Trov Lock and Can allows
entrance to the New York Rarge Canal which conrects to the Great Lakes. This
makes Troy Lock and Dam an important link for shipping and pleasure craft in

the northeast.

2. Surface concrete of Troy lLock and Dam is in a deteriorated condition (Fig-
ures 2, 3, 4, and 5). Because of this deterioration, the New York District
decided in 1978 to have the Structures Laboratory of the Waterways Experiment
Station (WES) evaluate the conditicr of Troy Lock and Dam and determine what
rehabilitation should be performed. {SS;
3. The first phase of the study consisted of a condition survey where:

(a) cracks were mapped, (b) soniscope and impact hammer measurements were
taken, (c¢) construction drawings were reviewed, and (d) operation and main-
tenance problems were discussed. From the first phase of the study, it was
concluded that internal cracking in the lock and dam was structurally insig-

nificant and that the interior concrete was probably in sound condition.

4. The second phase of the study involved a coring program, testing and
evaluation of the cores, stability analysis, and stress analysis. The coring
program was fairly extensive as shown in Figure 6. Both horizontal and verti-
cal cores were obtained from the lock and dam. Vertical cores were taken in
the backfill behind the landwall to obtain samples from which ar estimate of
the horizontal backfill pressure coefficients could be obtained. The vertical
core which was taken through the lock and dam and approximately 25 ft into the
foundation showed that the foundation material was very uniform with steeply
dipping bedding planes. No weak planes in the foundation (which could cause
stability problems) were indicated.



5. The cores from the councrete were used to obtain profiles of depths or
deteriorated concrete, and the concrete and foundation core were tested to
obtain strength data, Direct shear tests were performed on the concrete and

shale core which were located at or near the structure-foundation interface.

6. Soundings were taken downstream of the dam to determine if there were any
scour areas which would affect the stability of the dam monoliths. The dam
was constructed in 1915. Figure 7 shows that downstream strut resistance does
not exist. Rock anchors extend from the dam monoliths into the foundation to
help stabilize the dam and were assumed in the stability evaluation to add

resistance forces.

7. The compressive strength of the foundation material was found to be weaker
than the concrete at the structure-{oundatior interface. The unconfined com-
pressive strength of the foundation material was only 900 psi and the tensile
strength was 43 psi. The lock ard dam is not high and the low bearing pres-
sure of the foundation was not a significant problem. The compressive
strength of the fecundation core increases substantially with confining

pressure,

8. Conservative values of ¢ = 30° ;4' and ¢ = 0.04 ksf were used in the sta-
bility analysis. These values were obtained from direct shear tests on cut
surfaces of shale and concrete close to the structure-foundation interface.
If the interface of the structure and foundation (slaty shale) is irregular
and scme of the slaty shale material has to be sheared for the structure to
slide, the ¢ and ¢ values are higher than those used. The shear strength

parameters for the slaty shale i1s ¢ = 42 to 50° and ¢ = 10 to 230 psi.

9. I felt more comfortable in reducing the safety factor for sliding than in
increasing the ¢ and ¢ parameters. I used safety factors that were one half
of those stipulated in the Corps' engineering manu.ls. These were 4 for all
case loadings on existing structures without earthquake and 2-2/3 for normal

operation with earthquake.

10. There were several reasons why I used conservative values for 4 and ¢ and

reduced safety factors., In general, it was because of uncertainties ip the
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evaluation. Some of these uncertainties are discussed in the following

paragraphs.

11, The irregularities at the interface of the structure and foundation are
not known. Even though the coring program was extensive, the core holes were
too far apart to determine with any degree of certainty the asperities of the
structure-foundation interface. It would have been too expensive to expand

the coring program to define the asperities with any degree of certainty.

12. Secondly, lock and dams generally vibrate to some degree due to the pas-
sage of water. This is true of Troy Dam even during normal operating con-
ditions. In fact, when I was in the gallery of the dam, it seemed to be
vibrating so badly that I thought for a minute it was going downstream. I
know that vibrations are not usually as bad as they seem and I think this 1s
true at Troy Dam. I did not know and do not know what the vibrations mean in
relation to stability. The vibrations which I experienced were during normal
operation; in times of ice passing over the dam or some other abnormal

condition, the vibrations could be more severe.

13. I do know something about how vibrations can affect the sliding stability
of a concrete block. I had a vibrator mounted on the top of a 28,000-1b con-
crete block sitting on a concrete floor. Without vibrations it took 10,000 1b
of static load to slide the block. With the vibrations at the natural fre-
quency of the block a static load of only 250 lbs moved the block. The vibra-
tions reduced the failure load by a factor of 40. Vibrations at a dam are not
likely to be at the dam's natural frequency; however, they do not have to
reduce the sliding resistance by a large factor to cause problems. I did not
know then and do not know now what effect the vibrations may have on

the sliding safety factor of Troy Lock and Dam.

14. Other uncertainties included the effects of ec:entric loading on shear
resistance, uplift forces on the structure, and backfill pressures on the
landside lockwall. Since funds were not available to investigate all these
uncertainties, I used conservative shear strengths with a logical reduction in

sliding factor of safety.
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15. The stability analysis indicated that some landwall monoliths of the lock
did not meet the criteria for overturning and a lot of the lock and dam mono-
liths did not meet the sliding stability criteria. Reaction blocks and

posttensioning were designed to add additional stability to those monoliths.

16. Reaction blocks were chosen to add additional resistance to sliding
because they do not stress or change the structure in any way. Posttensioning
a structure could cause stress concentrations in the stricture, especially

around block-outs, culverts, or other areas where changes in geometry exist,

17. In my report to the New York District, I recommended that only 15 to

20 percent of the required force be applied in the posttensicning strands
which were designed to strengthen the monoliths against overturning. This
would prevent the addition of large loads to the strands and the structure at
times when they are not needed. A slight movement of the structure would add
the necessary loads to the posttensioning strands to prevent overturning of

the structure.

18. Even though I designed systems to add stability to the monoliths at Tro
Lock and Dam, 1 believed the structure to be stable if scour holes were
filled. This was only a belief; therefore, conventional analysis had to be
followed. I would like to have had sufficient funds to research uncertain-
ties, do parameter studies, and try to better define the stability of Troy

Lock and Dam.
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Figure 1. Geographical location of Troy Lock and Dam
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Figure 2:
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Overview of upstream portion, Troy Lock

»

Typical view of filling and emptying culverts
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Figure 4: River wall-location where dam joins river wall

Figure 5: Riverside of river wall
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REVIEW OF METHODS OF ANALYZING THE
STABILITY OF CTONCRETE STRUCTURES ON ROCK FOUNDATIONS

MPO05688

Chris Groves

Shannon & Wilson, Inc.

Summary

Mr. Groves discussed the findings and conclusions of Shannon & Wilson,
Inc., in their stability evaluation of Troy Lock and Dam. He used slides of
some of the photographs and plates contained in their report "Instrumentation
Performance and Stability Evaluation, Troy Lock and Dam," August 21, 1985.

The following paragraphs are from the report transmittal letter to the

Ney York District:

\\::;E>"This report presents the results of the study which evaluates the physi-
cal parameters that significantly affect the structure's stability. It also
includes the instrumentation and testing conducted to evaluate these parame-
ters, the stability analyses, and recommendations which were developed for
corrective measures. =

The instrumentation program indicates that there are no significant
structural movements of the lock and dam, and that the uplift pressures along
the structures are linear as assumed in Corps manuals and in their stability
analyses. We have determined that the critical failure mode for sliding is
through a hypothetical stress relief joint which is assumed to run completely
across the structure a short distance into the foundation. A foundation fric-
tion angle of 45° was used in the stability analysis. This is higher than the
value used in the W.E.S. analysis, but still conservative in our opinion. In
our opinion, the analysis confirms that the lock and dam have adequate factors
of safety and are stable for all loading conditions in sliding and overturning
with one exception. The exception is the section containing lock Mono-
liths L-4 through L-7 which has 38 to 49 percent of its base in compression
during static loading conditions, whereas 100 percent is normally required.
Safety factors of 2.7 to 3.0 were calculated for overturning. In addition,
these monoliths have a low (1.6) overturning safety factor during earthquake
loading.

There are several options for dealing with these four monoliths includ-
ing 1) accept them as they are, 2) conduct additional analyses, and 3) improve
them structurally such as with shallow tiebacks. We recommend that an assess-
ment be made of these options along with cost studies. In view of the excel-
lent performance of the structure, the risk associated with Option 1) may be
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acceptable. If the cost of Cption 3) is favorable, the installation of several
tiebacks may put the matter to rest.

The report also includes reccemmendations for repair of the structures,
suggestions for ongoing menitoring of existing irstrumentation, and precau-
tions which should be followed during the repair program.'

The Conclusions and Recommendations sections of the Shannon and Wilson,
Inc. report on Troy Lock and Dam is reproduced below for ready reference.

CONCLUSIONS

Considerations for Acceptable Stability Criteria

ETL 1110-2-256, Slidiry Stability for Concrete Structures, dated 24 June
1681 emphasizes the impcrtance of selecting the appropriate laboratory test
for the prokable mode o: failure. It specifies minimum required sliding fac-
tors of safetv of 2.0 and .3 for normal static loading and seismic loading
conditions, respectivelv. Tlie same values were used by WES in its evaluation
of Troy Lock and Dam, and thev are the values which we have adopted. Note
that ETL 1110-2-256 superseded ETL 1110-2-184, Cravity Dam Lesign Stability
dated 25 February [974 and, it i¢ assumed the minimum sliding factor of safety
contained in ETL 1110-2-22 Desigr ¢! Navigation ock Gravity Walls dated
19 April [Y67 ro longer applies. The latter two ETL's had minimum required
sliding factors of safety {or normal static loading and seismic loading
conditions of 4.0 and /.67, respectively,

Regarding the minimum acceptuble percent of base in compressiou,
ETL 1110-2-22 requires 75 percent ior both the normal aund dewatered operating
conditions, assuming at-rest carth pressures. When considering earthquake
loading along with normai operating conditions, the base pressure resultant
must remain inside the lase and the allowable foundatior pressures must not be
exceeded. We¢ hLave no basis ror suggesting revisions to these criteria.

Sliding
Based cn cur analvses, the minfmum factors of safetv for sliding of the
lock walls and the dam monolirii- based on the available data are as follows:

Factors of Safety
Minimum

Case Computed

1) Normal Operation

Landside Nonolith (1.-¢ through I=7) . i iieiea 2.4
Riverside Monolith (R lf) it venereneroannesls?
Dam Monolithe,o.oeo.o. .. I

2) Dewatered Case
Landside Movolith (1L.-4 throvgh 1=-7) .. . i va. 2,
Upstream Riverside Mouolith (k=36) .. eeeeeneneadl

3) Normal Operation & Pseudi-ftatic Earthquake
Tandside Monolith (1=20) . . . . . . 2.0
Riverside Morolith (E-36 and R=50) ... ieenesl]
NDam Monolith oottt ittt iiieeneneneronnsnanasal 8
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4) Dewatered Case & Pseudo-Static Earthquake
Landside Monolith (L-4 through L-7)........ ceeessal.8
Riverside Monolith (R=36)....cvvveenennveneansansal.8

These factors of safety have beeu computed assuming that a horizontal
stress-relief crack exists below the base of each of the monoliths. The shear
strength of this discontinuity is based on a combination of mineral friction
and asperity, neglecting cohesion. Our selected peak friction angle is
50 degrees, and published data from in situ tests indicate shear strengths
higher than the adopted value of 45 degrees are highly likelv. The piezome-
ters confirmed that such relief cracks, if present, do not transmit high
hydrestatic pressures beneath the structure. Assuming this failure mode the
resulting factors of safetv are, in our opinion, conservative, and generally
acceptable.

Overturning

The Overturning analysis utilized the method shown on Plate 40, and is
consistent with the methods of arnalysis which define factor of safety as the
ratio of available soil and rock strengths to the utilized so0il and rock
strengths. Development of the strength of the backfill and friction on the
Lack of the wall was included in the aralysis. The factor of safety as
defined above the percent of base in compression are summarized helow for the
worst cases., Note the [irst entrv, for example. While the percent of base in
compression in only 49 percent, there is a factor of safety of 3.0 against
exceeding the aliowable foundation bearing pressure.

Factor ot Safety Percent of
Available Soil & Rock Strength Base In
Condition Utilized Soil & Reck Strength Compression
Actual Actual
Normal Operation
Landside Monolith (L-4 through L-7% 3.0 49
Riverside Monolith (R-3h) 9.0 75
Dam Monolith 43.9 100

Dewatered Case

Landeide Monolith (L-4 through L-7) 2.7 38
Riverside Monolith (R-36) 6.8 50
Normal Operation & Pseudo-Static
Farthquake
l.andside Monolith (L-4 - 1.-7) 1.7 3
Riverside Mcnolith (R--36) 4.8 38
Dam Monolith 48.3 100

Dewatered Case & Pseudo-Static

Earthquake
LLandside Monolith (L-4 - L-7) 1.6 20
4 9

Riverside Monolith (R-36)

(oS
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The percent ot base in compression listed above is based on at-rest
pressures. It is not possible to verify these calculations with field
measurements, but in our opinion thev are conservative.

The lowest factor of satety shown above, i.e., 1.6, was computed on
landside lock Mcnoliths L-4 through 1L-7. [t should be noted, Monoliths 1-4
through L.-7 have much smwmaller base widths than adjacent monoliths, refer to
Plate 13, resulting in both smaller than acceptable percent of base in com~
pression and factor or safety. In our opinion, factors of safety and percent
of base in compression are adequate in all other instances for the lock and
dam monoliths. However, it should be noted that riverside Monolithk R-36 has
S0 percent of its base in compression {or the dewatered case with a factor of
safety of 6.8 on bearing capacity. Since there is no uncertainty regarding
loads in this case, and since performance hLas been favorable, we censider
Monolith R-36 to be adequate.

It appears that there was a design change for Moncliths -4 through L-7,
probebly to reduce the amount of rock excavation. However, the reason was not
documented in the construction records. Rock anchors may have been installed
in these monoliths to improve stability, but there appears to bhe nc practical
wav to verify the number and capacityv of such anchors. should they exist. 1t
mav be possible to locate such anchors using ground penetrating radar. This
method has not been evaluated.

The stability cf Monoliths L-4 through L-7 is particularly ir cuestion
under earthquake loads. However, the performance historv of the structure has
been excellent and adds nothing to these concerns. The options at this point
include 1) doing nothing ard accepting the apparent small amount of hase in
contact, 2) conducting additional analyses, or 3) providing structural means
of improving the stabilitv. Additional analvsis could include evaluating the
side shear between monoliths as a group o¢r evaluating the adhesion on the
vertical concrete-rock interface behind the landside lock wall. These foctors
are normally not considered in the stability analysis of monoliths, but may
make a significant contribution to stabilitv, Structural means of improving
stability could include rock anchors, shallow tiebacks to concrete deadrmen, or
underpinnirg the structure to increase the base width and erbedment into rock.

RECOMMENDATIONS

Continued Monitoring

Monitoring of the instruments should be continued at monthly intervals
for a period of at least several vears in order to develcp long term data on
the response of the instruments over the various loading conditions and tem-
perature extremes. As a minimum, the monitoring should continue until one
vear after the concrete repairs are completed. The nstrument data should be
plotted and reviewed quarterly by an engineer knowledgeable in dam design,
instrumentation ard the lock performance historv. ILimit values for each
instrument should be established and the field persoanel takiug and reducing
the data should notify the responsible engineer immediatelv if the limit
values are exceeded.

Evaluation of Options

We recommend that parametric and cost studies be conducted to determine
if additional studies, as discussed in Section 8.3, of the landside Mono-
liths I.-4 through L-7 are likely to produce acceptable results. The relative
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costs or deep and shallow tieback schemes should also be determined. 1f these
studies indicate that the cost of a tieback solution is relatively small, we
wonld recommend the installation of a trieback anchor svstem on landside Mono-
liths L~4 through 1L~7; this may al=o be accomplished on several other monolith
structures, depending on the factor of safetv und the percentage of base in

compressiocn established by the COE as the governing criteria.

r1ll Foundation Voids

Undercutting of the dam monoliths has been identified at three locations.
The voids created at these locations should be filled with coucrete to prevent
further deterioraticn of the foundation under the dam.

Precautions

Sealing of the monolith constructiorn joints could result ir the blocking
of natural drainage paths, resulting in higher hydrostatic pressures behind
the landside lock monolith., Tf these repairs are made, it is our recommenda-
tion that one-way drains be instulled through the lock monolith to drain the
water level in the granular backfill.

Elasting to remove the deteriorated concrete could result in an increase
ir the latera. soil pressures acting on the landside monoliths. Measures
should be taken to control hlasting to minimize accelerations of the structure
and backfili which could result in increased scil pressures.

Additional instrumentation should be installed and monitored prior to and
during the blesting to measure wall mcvements and rcotation during the blasting
operatiocrs.

Methods of analyvreirg the stabiiity of concrete structures on rock foundations
dre summarized in a report prepared bv Shannon & Wilson, Inc. under REMR Pro-
gram, Contract Nc. DACW 39-83-M-4183. The report is titled, "Review of Methods
of Analyzing the Stabilityv of Corcrete Structures on Rock Foundatious," and is

included in these proceedings as Appendix A.
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TVA ASSESSMENT COF STABILITY CF CONCRETE
STRUCTURIS GN ROCK

Harold Buttrey 'r*) N ey
WPC053588

Hubert Deal, Jr.
\\ Tennessee Vallev Authority
\\*J
1. The Tennessee Valley Authority (TVA) is ar irdependent agency oi the ‘ed-
eral goverument created by ACT of Congress in Mayv 1933. It iv a corporation
clothed with the power of government Lut possessed with the tleribility and
initiative of a private enterprise. 't is charged b+ the TVA Act with the
duty of plarring for the proper use. conservation and develepment of! the natu-
ral resources of the Ternessee River drainage tasin. \IVA serves an area in
the southeast made up of parts of seven states: TcrrZé}ge. Alabama, Missis-
sippi, Kentucky, Virgiria, North Ccrolina, and Ceorgia (F}gure iY., The legis-
lation which created TVA directs the apencv to regulate the stream flow of the
Tennessee Kiver svstem in the operaticn of ite dars and reservoirs primarily
for controlliing flouds ard promoting navigaticr and so far as may be consis-
tent with these purpuses to gererate hvdreelectric power. TVA also has the
authority to take recreation into acceurt in operating its reservoirs tc the
extent that it is rot inconsistent with thkeir operation for flood control,
navigation, and electric power generation. TVA owrs a tctal of S agams most
of which have been designed, constructed, and are ovperated by the Agency,
Thev include concrete gravity, earthiili, ard reckfill dams or combinctians of
these tvpes. ‘“they vary ir height fron a few feet for some of the ecarthii;]
dams to 480 feet for the Fontana Dam, & corcrete gravity structure. Figure
proy{Sps some facts abcut major TVA dams and reservoirs. -
2. TVA has eussentially cempleted the cevelopment of the maior hydro sites in
the Ternessee River basin, ard thus has not designed anv new dams since the
mid-1970s. Consequently, the hydru desipr unit has decreased considerably in
number of perscrnel since the earlier davs of TVA,
3. The present hydro effort uat TVA consist ot a continuirg inspection and
maintenance program and ar evaluation and modification as needed of some 1 of
our dams in compliance with the Federal Cuidelines for Dam fafetv. Therefore,
our interest in their assessment of the stability of concrete structures on

rock would he in support of these efforts.
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FACTS ABOUT MAJOR TVA DAMS
AND RESERVOIRS

Dum
Mclia Max. Dzm
River Height Leagth

Profects (feet)  Feet
Kentucky® 6 8422
Pickwick Landing® 113 717§
Wilson (d)* 137 4,54)
Wheeler® 72 642
Guntersville® 94 31979
Nickajack (¢)* 81 1,767
Chickamauga® 129 5,800
Warts Bar® 112 2. %0
Font Loudoun® 122 4,190

Trbutary

Projects
Normandy 1o 2,M
Columbis (b) 105 2328
Tims Ford 175 1,454
Apaachia 150 1,108
Hiwassee 7 1,376
Chatuge 144 2.8
Ovoee No. | (d) 118 40
Ocoee No. 2 (d) by 220
Ocoee No. 3 110 612
Blue Ridge (d) 167 1.000
Nottely 184 2,300
Melion Hilj® 103 1,02
Norris 268 1.860
Tellico® 129 1228
Fontana a8y 2368
Douglas 202 1,70§
Cherokee 1°s 6,760
Fon
Patnck Henry 98 "37
Boone 160 1,432
South Holston I%8 L.&0)
Watauga 18 w0
Grea: Falls (d4)
(n Cumherland
Valley) 92 RO
Wilbur 77 1"s
Nolichucky 94 482

Pumped

Storage
Raccoon Mountain 230 8,400

Totals

leogth

of
Take
(mf)
184
$3
16
"4
°6
46
9
9%
61

Ares
of
Lake
st Fall
Pool
(scres)
160,300
41,100
15,500
67,100
67,900
10,370
15,400
39.000
14,600

1,180
12,400
10,600

1,100

6.050

7.0%0

1.890

3,290
4,180

£.630
14200
15,840
10,640
10,420
10,300

872
4110
7,480
6,430

2.110
72
183

$28

652 188

Shore
line
at
Fuall
Pool
(mf)
2,380

496
154
1,063
949
192
810
™
3&0

73
236
46

31
163
132

47

5

[
106
173
800
373

-

585
393

-

130
163
106

11,40

Lake
Flevston
(feet sbove
scs level)
Nor-  Top
mal of
Mis. Gales
154 378
408 418
$05 508
<50 586
$93 595
632 635
675 68S
738 748
thy 81s
859 880
603 63S
86S 895
1,272 1,280
1,40 1,577
1,905 1,928
818 R18
— 1,11
1,413 1,438
1,590 1,691
1,738 1,780
? 796
%60 1,034
807 RIS
1,580 1,710
%40 1,002
1,020 1,078
1,258 1,263
1,330 1,188
1,678 1,742
1,915 1,978
780 R0S
1,645 1,65
12389 12409

1,530 —

Lake Volume
(scre-feet)

Top Useful
of Coa-
Gates trolled
Elev, Storage
6,129,000 4,008,000
1,105,000 417,000
640,200 53.200
1,071,000 351,000
1,052,000 172,300
252,400 32,300
739,000 347,000
1,175,000 379,000

393,000 111,000

127,000 60,400

363,000 283,000

608,000 282,600

57,800 8,800
434,000 106,000
240,500 122,500
84,400 31,400
3,300 3,080

195,900 183,900

174,300 117,100

126,000 31,900
2,552,000 1,922,000

447,300 126,000
1,443,000 946,000
1,475,000 1,252,000
1,541,000 1,148,000

26,900 4,200

193,500 148,500

764,000 418,000

677,000 354,000

$0.200 35,700

718 7
2,070 —

38,180 36,340

24,181,665 13,712,547

Con-
struction
Started

1938
1934
19)8
1933
1v3$
1964
1936
1939
1940

1972
1973
1966
194)
1936
1941
1910
1912
1941
1928
1541
1960
1933
1967
1942
1942
1940

1951
1950

1947
1946

1918

1970

*All main river dams and Melion Hill Dam are equipped with locks. A canal provides traffic access to Tellico Lake.

(a) Tellico project has no powerhouse. Streamflow through navigable channel to Fort Loudoun Reservoir will increase average annual energy through
Fort Loudoun powerhouse by 200 million kWh.

() Under construction. Limited construction work at Columbia.

(c) Nicksjack Dam replaced the old Hales Bar Dam 6 miles upstream.

(d) Acquired: Wilson by transfer from U.S. Corps of Engincers in 1933; Ocoee No. t, Ocoee No. 2, Blue Ridge, and Great Falls by purchase from TEP
Co. in 1939. Subsequent to acquisition, TVA heightened and installed additional units at Wilson.
(e) Cost of original construction plus major additions or rehabilitation.

(f) Includes cost of rehabilitation begun in January 1980.

May 1982, Information Office

TVA/OGM/10-82/13

FIGURE 2

i/
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of
dam
1944
1938
1924
1936
1939
1967
1940
1942
1943

1976
(1986)
1970
1943
1940
1942
1911
1913
1942
1930
1342
1963
1936
1979
1944
1943
1944

1953
1952
1950
1948

1916
1912
1913

Uldmate
Genersting
CQlosare  Cost Capacity
(mil- kW and No.
lfons)¥e) of Units ()
$113  175,000(S5)
210 220,040(6)
119 629,840¢(21)
89  1361,800(11)
S4 115,200
71 103,950(4)
40 120,000(4)
3 166,500
4] 139,19
174 -
$2 45,000(1)
24 82,800(2)
23 117,100(2)
9 10,000(1)
10 18,000($)
2%f) 21,000(2)
9 28,80x1)
S 20,000(1)
8 15,000(1)
38 72,000(2)
32 100,800(2)
137 (a)
7 238,500(3)
45 120,600(4)
36 135,180x4)
12 36,000(2)
27 75,000(3)
3 35,000(1)
32 57.600(2)
1 31,860(2)
) 10,700
1.5 -
(334) 1,530,000¢4)

(1978)




%. We have particular interest in the change in the streugth rarameters with
time in sucl areas as the rock-concrete contact, construction joints, and on
arv rock seans, bedding planes, etc. Methods to acsess or estimate the change
in strength parameters with time are also of primarv interest.

. Since the mid-1960s at TVA we have uscd the maximum probahle flood (MPI)

w

as the design flood and the prchable maximum fleod (PMF) to set cam freeboard
and spiliway contairment wall heights. Alsc the operating basis earthquake
and the maximur credible earthquake (MCE) have been developed for each site

since that time,

I'VA Ausessment of “tability of Concrete Structures on Rock
Overturning Criteria

6. TVA's overturning criteria appears te hbe the same a= that of most other
organirations and has not changed to anv significant degree in recent years.
We are using the same criteria in our dan safetyv reevaluations that was uced
for most of our originel designs, that is:

a. The resultant of al' Torces acting above arv lLorizontal plane thrcugh
a dar should fall within the middle third ct that plare for normal
loading conditions (Figure 3).

b, For the operating basis earthquake (CBE) combined with other forces,
the resultant of all forces shall fall such that at least one-half cf
the tase is in compression, assuming ne tension (Figure 4).

c. For extreme loading cenditiers such as the probable maximum flood and
the maximum credible earthquake the recultant ot all forces shall fall
within the base. 17 the resultant falls outeide the tase for the MCE
and if other methods of analvsls, such as the energv methods, indicate
that the structure will rot overturn curing these extreme loadings,

then the structure is censidered adequate or these loadings.

Base Stress Criteria

7. Compression on the rock foundation shall unot exceed 50C psi. Where foun-
dation exploration and ercavation reveal areas of weakness in the foundation,
modification to the 500 psi may be required. Compression in the concrete

shall not exceed 0.25 [é.



NORMAL LOADING - DAM

RESULTANT OF ALL LOADS (R) TO INTERSECT ANY
BASE WITHIN MIDDLE THIRD OF THAT BASE
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OPERATING BASIS EARTHQUAKE
COMBINED WITH NORMAL LOADS

RESULTANT OF ALL LOADS TO INTERSECT ANY
BASE WITHIN MIDDLE HALF OF BASE

NORMAL SUMMER
POOL LEVEL

—_————

¢

EARTH AND SURCHARG
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8. No tension is permitted on any base being analyzed except for the follow-
ing loading conditions and is as given below:
a. Dead load only -~ 15 psi (Figure 5).
b. Horizontal loads acting in two directions, producing tensicn in one
corner of the base - 15 psi (Figure 5).
c¢. For normal loadings combined with volume change or loads due to the
maximum probable flood conditions stresses may be increased by 25 per-
cent. For normal loadings combined with the design earthquake,

stresses may be increased by 50 percent.

Uplift Criteria - Dams

9. For most of TVA's dams on rock foundation, means for measuring uplift
pressures were installed during initial construction or have been added later.
Most of TVA's dams have a line of foundation drains located a short distance
downstream of the upstream face. In the earlier days of TVA various assump-
tions were used for uplift, such as uplift being from headwater at the
upstream edge of the base being analyzed to tailwater at the downstream edge
of the base acting over two-thirds of the base area. This assumption was
modified on occasion for what was considered to be site~specific conditions.
Monitoring of the uplift measuring devices and foundation drains led to uplift
assumptions we use today and have used for several years.
10. These assumptions are:

Uplift acts over 100 percent of base area.

b. When the base being analyzed is below minimum tailwater elevation,

the intensities of pressure for any plane shall be assumed to be

equal to full reservoir head (H) at the upstream face, tailwater (T)

at the downstream face, and T + 0.25 (H-T) at the line of drainms.

¢. When the base being analyzed is above minimum tailwater elevation and

where the assumed plane of analysis is all or partially in rock,

intensities shall be assumed to be equal to H at the upstream face,

zero at the downstream face, and H/2 at thé line of drains. Where

the plane of analysis is through the concrete, intensities shall be

in b, above.
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ALILOWABLE BASE TENSION

15 PSI 5.{\
TENSION L N

.
1

DEAD LOAD CASE

15 PSI
TENSION

HORIZONTAL LOADS ACTING IN MORE THAN
ONE DIRECTION — PRODUCING* TENSION IN
ONE CORNER Of BASE

FIGURE 5
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d. Where there are no drains, uplift is considered to vary in a straight
line from headwater at the upstream face of the dam to tallwater at

the downstream face.

Uplift Criteria - Locks

11. Where a lock wall is subjected to a differential head, the higher head is
designated as H and the lower head as T (Figure 6.). The intensity of uplift
on any base shall be assumed equal to T + 2/3 (H-T) at the higher head side
and equal to T at the lower head side. Where a plane cuts through a lock wall
culvert with a head H in the culvert, the intensity shall be taken equal to
full head H from the inside face of the lock wall and extending across the
culvert opening. From this point, the intensity varies uniformly to tailwater.
12, For blocks serving as part of the dam, the uplift intensity is assumed
equal to H at the higher head side and equal to T at the lower head side.

13. Uplift pressure on navigation locks is assumed to act over 100 percent at

the base area.

Uplifting Criteria

14. An extensive geologic exploration program was carried out on the founda-
tion of all dams TVA has designed and constructed on a rock foundation. Even
though this program identified weaknesses in the rock such as weathered bedding
planes, seams, etc., that could affect stability analysis, in only a few cases
has TVA attempted to take core samples and test these weaknesses to define
strength parameters. As such, the parameters used for intact rock are consid-
ered to be conservative and in reality in most cases have been overly conser-
vative. However, for probable weak seams the assumptions may not have always
been conservative.

15. TVA still uses the shear friction method for determining resistance to
sliding for structures on a rock foundation. We are familiar with the limit
equilibrium method but have not used it to the extent as outlined in the Corps
publications. Unless the exploration program indicates a need to establish
more precise values, we have used 0.65 for tan ¢ and 250 psi for the unit
shear strength in the rock foundation and at the rock-concrete contact and

400 psi for concrete. We require the factor of safety to be at least four
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using this method. For the dams we have designed since the early 1960s, we
have taken into account any passive wedge where the exploration indicates the
quality of rock appears to support this judgment. Where used, this has been a
judgment decision not based on test. We have not attempted to anchor an
otherwise questionable wedge to sounder rock in order to provide for passive
support.

16. TVA has the facilities to extract and test rock cores to determine
strength parameters of any weak areas, and in the past has tested NX-size
cores taken from shale layers and 3.0-foot-diameter calyx cores drilled from
the foundation of a damsite co check the strength of weak seams. In our
safety analysis of our dans, if it proved economically advantageous to go to
the expense of testing weak areas of a foundation and analyze by the limit

equilibrium method, and allow a lower factor of safety, we would do so.

Special Case - The Tims Ford Dam

17. The Tims Ford Dam is a rockfill dam with a sloping impervious core that
was designed and constructed by TVA in the mid-1960s in Middle Tennessee. It
is approximately 1,580 feet long and 175 feet high. Original plans called for
a conventional concrete gravity dam, ogee spillway, intake, and powerhouse.
After construction began, a program of foundation exploration consisting of
extensive core hole drilling and several 36-inch-diameter calyx drill core
holes was initiated. It was found that what initially appeared to be bedding
planes between shale and limestone layers were continuous weak seams of decom-
posed shale (Figure 7). The presence of the weak seams and the fact that they
daylighted downstream gave concern as to whether they would have sufficient
shear strength to resist sliding in the foundation when the concrete dam was
loaded. A program was developed and initiated to perform shear strength tests
of the weak seams by removing and testing 36-inch-diameter cores drilled from
the foundation. As a result of these tests it was determined that the shear
strength of the foundation was too low to provide an adequate factor of safety
against sliding to ensure the safety of the concrete structures, Therefore,
the decision was made to abandon plans for a concrete gravity dam and to

provide a compacted rockfill dam with sloping impervious core instead.




18. The results of the testing program led to the conclusion that the sta-
bility analysis of the dam should be done for two sets of strength parameters
for the weak seams. They were ¢ = 20 degrees and cohesion of 600 psi and

¢ = 25 degrees and cohesion of 0 psi. A ¢ of 20 and cohesion of 600 psi
proved to be the controlling strength.
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. BUREAU OF RECLAMATION CURRENT PRACTICES
- OF CONCRETE STRUCTURES ON ROCK FOUNDATIONS

S50 A 8Q Howard Boggs
o } NS Bureau of Reclamation

Q\j Introduction
IT\XThe Bureau is currently in the process of rewriting criteria and preparing
design standards and guidelines for concrete dams. The large thick books,

Design of Arch Dams, Design of Gravity Dams, and Design of Small Dams, are to

become Design Standards. We are going to put out a standard for everything.

2. The Bureau and others have similar criteria for retaining walls, that is,

a safety factor of 1-1/2. The training walls and channel floor are all self-
contained. So far as concrete structures are concerned, the following comments
will address mainly concrete dams. The Bureau has about 55 concrete dams of

which 8 are arch.

3. For concrete dams, we have basically four types of structures, arch or
gravity, and new or existing structures. The criteria differs somewhat for
each one. An extensive discussion will not be presented about United States
Bureau of Reclamation (USBR) arch dams except to show their influence on the
design and analyses of gravity dams using those concepts. From the structural
analysis of arch dams, the designer becomes very cognizant of three-

over to the gravity dam design. Concrete blocks \are all uniformly cooled from

dimensional, homogeneous, isotropic srructures.ﬁizhis awareness 1s carried

base to crest, keys are formed during Constructioﬁnbetween the contraction

joints, and ultimately all of the contraction joints are grouted. A similar

concept applies to gravity dams also. With gravity d@ms, the primary interest
\

is in sliding using the sliding friction method which is the resistance divided

by the driving force to define the safety factor. In thh dam analysis, we are
¢ A

primarily interested in stresses. \

4. Safety factors for both stress and sliding stability arch and gravity

structures are: (a) 3.0 for the usual loading combination which includes
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mainly the reservoir operation with gravity and temperature, and which occurs
about 96 percent of the time, (b) a safety factor of 2.0 for the unusual or
flood condition with gravity and temperature which occurs about 4 percent of
the time, and (3) a safety factor of greater than 1 for the earthquake or
extreme condition which is the rest of the time. For allowable stresses, the
maximum stress for the usual condition is 1,500 lb/inz, 2,250 lb/in2 for the

flood loading and less than the concrete strength for the extreme loading.

5. Currently in the USBR, foundation analyses include the sliding friction
(or the Coulomb equation) and applicability of the passive wedge analyses.
Suggested safety factors are 4 for the usual condition, 2.7 for the unusual,
and 1.3 for the extreme condition. Foundation treatment is the usual type;
consolidation grouting, curtain grouting, and drainage systems. Special con-
ditions are addressed such as in the case of sedimentary beds dipping upstream
or where a horizontal keyway is required. In general, treatment is similar to
that provided by other agencies.

Loads

6. Usual. Individual loads applied to the dam are the usual reservoir opera-
tion which is either normal water or the minimum, gravity, temperature, silt
and ice. Temperature for an arch dam is extremely important; on smaller dams
it is more important than the water load. For this reason, very extensive
thermal and stress analyses are made to determine the effects. Ice is applied
as a pressure of 5 kips per foot of ice thickness per linear foot of structure.
Normally, the ice load is not a problem. The size of concrete structures

50 feet or greater tends to mitigate the effects of the ice load. Silt load

is considered as an increase of about 22-1/2 pounds per cubic foot on the water

load density.

7. Unusual. The flood load in any analyses is the Probable Maximum

Flood (PMF) condition which is the maximum height of the dam for new struc-
tures. A continual re-evaluation of the flood condition results shows that
some structures may be overtopped. Overtopping of concrete dams is a concern,
but not catastrophic at this point in time. In 1967, an arch dam, Gibson Dam
in Montana, overtopped for about 3 days without structural damage except for

inundation of the abutments and the service road being washed out. Later,
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the abutment, for some distance downstream, was covered with 5 feet of

concrete in lieu of increasing the spillway size.

8. Extreme. The USBR method of earthquake analysis is to perform a response
history analysis on all concrete dam analyses when required. Magnitudes and
corresponding epicentral distances for historical events within a 200-km
radius are tabulated. From this list, the most severe Maximum Credible Earth-
quake (MCE) is selected and a smooth response spectra is developed based on
known accelerograms. Digitized accelerograms are developed, scaled appropri-
ately for the direction, and applied to the particular type of structure,
whether it is a three-dimensional arch or a two-dimensional gravity dam. The

three directions are upstream-downstream, cross—-canyon, and vertical.

Methods of Analysis

9. Stress analyses for the gravity dam or the arch dam use the ordinary beam
theory or the finite element method. Also used for the arch dam is the trial
load method or the computerized version called Arch Dam Stress Analyses System
(ADSAS) analyses. The finite element method currently in use is SAP-IV, linear
elastic method. Three~dimensional finite element method analyses assume con-
ventional concrete dams are monolithic. Proper evaluation of results from
earthquake analyses may require a somewhat subjective judgment. The ADINA
computer program, from M.I.T., is being modified in an attempt to realistically
assess contraction joint response during earthquake. Currently, Chopra's

EADHI and EAGD-84 computer programs are being used for our gravity dam analy-

ses during earthquakes.

Foundation
10. In the foundation, primary analyses are the shear friction factor of
safety, passive wedge analyses, and some of the progréssive failure modes

where appropriate. This latter method is used in conjunction with the finite

element method analysis.
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Instrumentation

11. The correlation between design and prototype behavior is determined from
structural analyses and instrumentation. Many instruments are installed in
each dam during construction. On a routine basis, measurements are recorded,
plotted, and evaluated, This procedure is very time consuming, but is the only
sure method of back-checking the original design assumptions. Some of the
instruments installed in our dams are strain meters, stress meters, joint
meters, thermometers, and weirs. In the foundation, instrumentation includes
piezometers, MPBX's in at least two directions along the line transverse to
the axis, and pressure gauges. Plumb lines are a very reliable and informa-
tive measure of the deflection of the structure throughout the year, arc
repeatability of plumb line measurements is extremely valuable and accurate in

developing trends or noting anomalies.

12, 1In high double curvature arch dams, where the vertical drop down the crown
cantilever to the base is not totally within the sections, a substitute for the
plumbline using tiltmeters is being installed in Morrow Point Dam cn the Gun-
nison Kiver, Colorado. Computed deflections from the tilt and the subsequert
double integration in the vertical direction from base to the crest will be
corpravred with measured deflections from a juxtaposed plumb line to determire

if another measuring device is applicable and accurate. Surface measurements
irclude the customary surveying methods, Electrenic Distance Measurement (EDM),
and collimation. Accuracy of collimation measurements sometimes hecome margi-
nal because of the distance across the canyon. This fact serves to emphasize
the need for redundancy in structural behavior measurements.

3. Extenscmcters anchored in the dam and the foundation have proven to be
very valualble in measuring the reaction of the structure to the applied loads.
At Glen Canyon Dam, a 700-foot-high structure on the Colorado Kiver, extenso-
meter measuremeuts showed that atter about 7 years that structure and the
reservoir settled down before the system began to repeat the oscillations due
to the temperature and the water fluctuation. Extensometers in the foundation
in Pueblo Dam, a J80-foor-high umassive head buttress dam in Colorado, showed
the crest to be deflecting upstream. Our instrumentation group rechecked the

measurements and inquired if new personnel had been assigned the job of makiug
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measurements. After confirming the accuracy of the criginal data, engineers
from the design and instrumentation sections evaluated the collimation data
along the crest, the extensometer data from the foundation, and other measure-
ments before deciding that the dam really was moving upstream at the crest.
This conclusion was confirmed with a two-dimensional finite element analysis
of the massive head buttress, the fcundation under the dam, and the reservoir.
Results showed that when the foundation deflected from the reservoir load, it

rotated the dam upstream.

14, Weirs installed in the foundation gallery tou measure seepage proved to be
a veryv unique measuring device in another aspect. Pericdically, in Hungry
Horse Dam in Montana, anomalous increases in the flow on one side of the dam
were reccrded which were completely off the scale, but in a vear or two they
would return teo normal. Back-analvsis disclosed that there were several
simultareous earthquakes in the area. In addition, geological and construc-
tion records showed the dam was built across a fault. Thus, whenever an
earthquake within a hundred miles of the dam occurred, the drain flows would

temporarily and significantly increase befcre resuming normality.

15. Uplift is a hydrostatic condition atfecting all concrete structures tc
some degree. Based con calculations and weasurements, uplift in thin arch dams
is not a major concern. Stress analvses including upliit have shown that most
any variation in uplift assurption is not going to sigrificartly change the
stress or stability of the dam. However, within a gravity dam, uplift ig
important. Uplift varies linearly from reservcir pressure to one~third the
pressure diiference between reservoir and tailwater at the line of drains to

tailwater pressures, presuming the drains are working.

}16. To substantiate stability and track stability including uplift, operahle
drains and companion measurable weir flows are compared with pressure gauge
1eadings, such as, if the pressure goes up and the flow goes down, a problem
might exist. Four or five pressure gauges are generally ecgually spaced along
a radial line, i.e., racdial to the upstream face in the transverse direction.
Three or more lines of pressure gauges are located longitudinally across the

dam, whether it is arch or gravity,




Maintenance

17. To assure that structures are operating as designed or in an acceptable
fashion, two investigations are used: Review of Maintenance (ROM) and Safety
Evaluation of Existing Dams (SEED). Since the late 1940's, a ROM program has
been organized in which the staff fromr our Denver office, regional offices, or
project offices would go out every 2, 4, or 6 years routinely and examire the
structures. These inspections primarily addressed chipped paint, grass grow-
ing on the abutment, seepage, grass on the downstream face of the dam, or any
other such thing that would cosmetically be unacceptable. These reports have
become very valuable in evaluating the history of the structure. Always during
the inspection, the staff would take many pictures. Consequently, when a
problem appears to be developing, we peruse the photographs searching for a
sequence of what has happened in or on the structure during the last 40 years.
ROM reports have become very valuable in the serse that sometimes from histori-
cal reports the design conditions can be determined. These documents coupled
with the instrumentation and ROM records are about the only way that some
structures can be evaluated. In evaluating records aating back to the early
1900's, specifications (usually with only about four drawings) are very

limited as far as trying to reconstruct early structural behavior, especially
during construction and early operation of the structure. Therefore, all

documentation is very valuable in assessing the current structural safety.

18. 1In the SFED program the structure is inspected by a team of qualified
people, i.e., civil and mechanical engineers and a geologist, who also review
and evaluate the design data, construction reccrds, instrumentation records,
or other data. Subsequently, the team recommends additional studies. And
then once those recommendations are made, other sections of the organization
respond to it, The SEED reports usually recommend a state-cf-the-art earth-
quake analysis. From these recommendations ernd limited data, a structural
analysis is made of the dam and foundation. If something is amiss, such as a
tenslle stress that exceeds the probable tensile strength, more data may be
needed either from another field trip by the analyst, or from in situ or
laboratory tests. A second inspection may be necessarv because of distress
potential from the structural analysis. O0ld structures may have cracks {rom

either structural or material deterioration, and pose problems with stability.
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Additional data are required prior to modification dJesigns under Safety of

Dams (SOD) authorization.

Concerns about the Stability of Coucrete Dams

19, What does stability really mean? FHow can we accurately measure stability?
Can we develop a process relating analyvtical methods with structural model
methods or prototype metheds” The finite e¢lement method of analysis is & very
eftficient and accurate method; however, it is still an analvtical methcd and

results should be verified with other tvpes of measurements.

20. Ti we have structural damage from au carthquake, or if we have a flood
that exceeds the capacitv of the recervoir, and we anticipate covertopping,
what is the effect from overtopping cr earthquoke uamage regarding the scour

and potential instability?

Current I'SBR Concrete Dam Fesearch

21. Current research is limited on concrete dams. One project we have poing
on ncw is the development of & contractior jcint finite element code for the
APDINA computer program. 'his joint elerent is a noniinear element that acts
during an earthquake or during extreme temperature loading to accurately model

the response and redistribution oi lcads on ar avcl dam or gravity dam.

22. The application of fracture mechanics to concrete dams is being evaluated.
Existing USBR methods of analvses fe1 cracking of gravity dans or arch dams

are conservative and should be confirmed or moditied.

22, Another ongoing research project is intended to determine the effective-
ness of foundation grouting during construction. I'nknowns to be detcrmined
are (a) how long does it last?; (b) btew efficient is it?; (¢) rust the founda-
tion be regrouted?; and (d) does it really do tle job? To evaluate these
parameters, acoustical measurements and other downhole measurements are per-
formed before and after grouting, If vou know of anv answers to these ques-—

tions, the Bureau would welcome assistance and test results.,
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- FEDERAL ENERCY REGULATOKY COMMISSION
DAM SAFETY PROGRAM

ANA AR
\/ (& N t) Jerry Foster

Federal Energv Regulatory Commission

Tntroduction

1. The Federal Fnerg. Regulatorv Commission (FFRCY, Office of Hvdropower
Licensing, is responsible tor the regulation of nenfederal Fydroelectric power
projects. All hvdrcelectric facilities not owned and operated bv a [ederal
agency, such as the Corps ot Engineers, TVA or USER, must obtain an operating
license from FERC. The Federal Power Act, first eracted in 1¢.0, gives VERC
brcad powers to insure public safetw and proper utilizaticn of water resources
ror hydroelectric power generaticr. FERC currently has jurisdiction over
approximateiv 200 hydreeiectric projects irvelving approximately 700 dams
over 35 feet in height ard, therefore, has a keen interest in the satet o
existing dams.

2. The dam safety program at !I'FRC is administered in twe wavs. First, alil
projects tor which an arplication tor license is received or for which a major
change in development is proposed, must be certified as "sate and adequate' by

Design Review Branch (LKR) anineers.s\ﬁach project is subiccted to a review
Ligi] and structural adequacy ot its

ot the hydrciogic, hvdraulic, gectech
major teatures. Prior to licensing, aJ]\QruJects must be shown to be sate,
either by staff or applicant studies, or é\Plan for derenstrating the safetvy
of the structures must be developed as a cthition of licensing.

3. After licensing, each project is inspected annuallv tv FERC Regicnal
Gifice inspectors, and crice every 5 years bv independent counsultants, under
Part 12 of the Power Act. Those irspections are conducted in order to insure
projects are being properlv maintained, that no urauthorized modifications
have been made, and that the project ic keing operated eificiertly arnd saielv.
4. The dam safety proprar has been successfully 1n identifving potertiallv
ursafe and hazardous dams, FERC has required over S0 dams to undergo varviry
degrees of rehabilitation in the past 5 years. Table ! shows a sanple of the
projects, and type of rehabiiitation required, which have been npgpraded under

the dam safetv program.




24. USBR publications available are "Design Criteria of the Concrete Arch and

<

Gravity Dams," "Design of Gravity Dams," "Desigr of Arch Dams," and "Design of

Small Dams.”
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Safety of Exdisting lams

5. Plans found to be unsafe usvally fall icto two general categories: either
the safety criteria or anmalvsis procedures (hydrologic or structural) have
changed since the dam was designed and constructed; or deterioration of the
structure (or foundation) required a reassessment of “ts safetv based on
current site conditions.

6. £ large nurber of existing concrete gravity dams under FERC's jurisdiction
were designed anc built prior to the 1930's. As thesc projects apply for
relicensing or amendment, they must be re-evaluated under current hydrologic
and structural criteria. The most commonlv noted deticiency of these dams is
an inadequately sized spillway, resulting in either theoretical overtopping of
the dam or/and increased lcading on the structure durirg a Probable Maximum
Flood (PMF) event. Other problems noted are: changed loading duve to
increased uplift pressures, foundation leakage or detericration, cracked or
deterjorated concrete, and a change in downstream deveclopment which requires
ar increase in the hazard pctential of the project,

7. The above factors result in many existing cdams not meeting current dam
safety criteria. This presents the problem of determiniry which dams, many of
which have performed satisiactory fer over 50 years, should be required to be
upgraded to present-day standards. Not orly nust the decision be made as to
whick dams should be rehatilitated, but it also must be decided to what degree
of safety the structure must be upgpraded. Rehabilitation of an existing struc-
ture is an evpensive and difticult urdertaking. The catastrophic consequences
of a dam failure makes these important decisions more difficult.

8. At FERC, the DRB Staflf uses a three~step procedure to :dertify unsafe dams
which need rehabilitation. First a hvdrologic analysis of the proiect is
made, based upon its hazard rating, arc a spillwav design flood is estab-
lished. For high-hazard projects, the Spillway Design Flood (SDl': is the PMF.
The SI'F is routed through the project to determine the loading on the struc-
ture and abjlity of the spiilwav to handle the flow. A stability analysis of
the major project features is ther conducted for a range of loadings up to the
SDF and for earthquake lecading. 11 the stabilitv analysis indicates & safe
dar, then the process is ccmplete; however, if an ursafe dam is indicated, a
decision must Lec made whether or not and to what extent the project must be

rehabilitated. For unstable dams the third step, a safety evaluatien, is
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conducted which considers the impact of failure on downstream river
stages.at the time of failure. This requires a dambreak analysis and
flood routing through the critical reaches of the downstream river
basin. If the river stages downstream are not significantly affected
bv a dam failure, then no remedial action is required. If the con-
verse 1s true, then a plan for the project must be submitted and

approved by FERC Engineers.

Stability Analvsis

9. The criteria and procedures used to conduct stability analyses of concrete
gravity dams on rock at FERC are a combination of Corps of Engineers and
Bureau of Reclamation requirements. with some modificaticrs made based on the
FERC experience with existing dars.

10. The loading conditions used in the stahiljity analysis ot gravity dams are
as follows:

a. Case I -~ Usual Loading Combination -~ Normal Operating Condition. The

reservoir elevation is at the top o{ normal power pool, or the top of
the closed spillway gates, whichever is greater. Minimum normal tail-
water is used and ice pressure. if applicable, should be considered.
Horizontal silt pressure should alsc be considered if applicatle.

b. Case [7 - Unusual Loading Combination -~ Flood Discharge. The project

flood which recults in reservoir and tailwater c¢levations that exert
the greatest head differential and difference ip moments upon the
structure should be used. This may result in the use of a fiood of
lesser magnitude than the Spillway Design Flood. Many overfliow
spillways will be submerged during periods of high discharge. Fail-
ure of the structure while submerged may be less critical, in terms
of the {icod wave released, than failure during a period when the
tailwater is low. Tailwater pressure shkouid be taken as full value
for nonoverflow sections and 60 percent of full value for overflow
sections, except that full value should be used for computation of
the uplift.

c. Case TTI - Extreme Loading Combination -~ Normal Operating with

Farthquake. The came loading as in Case 1 is used except that the

inertial forces due to the earthquake acceleration of the dam and the
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increased hydrostatic forces due to the reservoir reaction on the dam
are added.
11. The basic requirements for stakility of a gravity dam fcr load Cases 1
and J1 are:

a. That it be safe against overturning at any hcrizontal plane within
tke dam, at the base or at any plane below the base. This requires
that the allowable unit stresses established for the concrete and
foundation materials not be exceeded. The allowable stresses should
be determined tv dividing the ultimate strengths of the materials by
the appropriate safety factors.

b. That it be safe against slidirg cn any horizontal plare within the
dam, on the {oundatiou, or on any horizontal seam in the foundation.
The ultimate value of cohesion required for stability should be
solved for using the appropriate safety factors.

12, For load Case TII the requirements for stability are:

a. For an earthquake loading using the seismic coefficient method, the
basic requirements for stability vrder Case I and Case II loading
apply.

b. For an earthquake locading using dynamic or pseudo-dynamic methods,
the following criteria apply:

1) The dam shall be capable of surviving a Maximumn Possible Earth-
ruake (MPE) without a failure of a type that would result in loss of
life or significant damage to downstream property. Inelastic behav-
ior with associated Jdamage is permissible under the maximum possible
earthquake ror the site.
(2) The dam shall be capable of resisting an Operational Earth-
quake (0OE) within the elastic range cf the materials. An Operational
Earthquake shall be defined as one which is likely to occur during
the life of the project as determined through geologic and seismic
studies.
13. The procedures used in the conventional rigid btedy analysis are basically
those used by both the Corps and the Bureau, with the exception that FERC has
adopted the Bureau's method of handling uplift. For reasons explained later
herein, the Burezu's method for determining the initiation of interface

cracking is considered more appropriate {or existing dams.
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Examples of Rebesbilitated Loncrete Grevity Dams

14, Following are three examples of projects which were found to be unstable
and which were rehabilitated under FERU's dam safetsy program. These dams were
selectec because they demonstrate the tvpes of problems common tc many exist-
ing structures, and each also presented site speciiic problers requiring

unusual sclutions.

Elwha Project

15, The Elwha Dam, located on the Elwha River rear Port Angeies Washington,
was constructed in 1917. Ag the reservoir was raised, the project bhegan
experiencing a long histerv ot stabilitv problems. On 30 October !912, the
foundation under the ronoverflow portion of the dam failed, allowing the
reservoir to be draired, tlowirg under the cdam. An exarination ot the gpeo-
logic cross section of the dam shows that it was constructed on natural river
sediments, which were washed out due te riping. Variocus remediel neasures
were taken in the period 1913 te !'9]9 to repeitr the damage ard resolve con-
tinuing leakage problems. These measures uitimately resulted in a large
amourt of materials being pleced on the upstream !luce te form an impervious
bilanket.

6. FERC obtained jurisdiction over the Flwha project in Decerber 1978, DRB
staff studies showed the dam to be unstuble and to be a hazard te the down-
stream poprlation, resulting in ar order requiring the owrer to file & plan
for rehabilitating the project prior to licensing. In .ulv 1680 a centract
was awarded for posttensioring the dam and work was completed in October 1980,
In .June 1981, after a review of the as-built drawings and cerstruction records,
the owner was notified that the construction was not periorred according to
specifications and was, therefore, not acceptable. The owner was ordered to
convene an independent bhcard of consultants to ruvle on the adequacy ol the
posttensioning work. That Board ruled, in March 1985, that the posttensioning
work did not meet specifications due to improperiv placed anchorage grout, and
recommended installation of additional anchors. The additicnal work is
scheduled for completion by April 1986,

17. There are some unusual features of the design of the Llwha repairs. Driv-

ing forces on the dam were based on readings from two piezometers installed




through the dam into the upstream fill material. This resulted in o reductici.
in hydrostatic forces on the dam. Secondly, the dam was dualyzed as a wedge
in the valley. Due to the unusuallv large depth-to-spar ratio, the gravitwv
section is essentially a beam spanning the original river bed, with the abut-
ments founded on cermpetent rock. Lastly, weak planes within the bodv ol the
gravity section were stabilized by the installatior of posttensioned anchors.
18. The remedial measures apprcved by FERC staff involved installation of

20 nultistrand, high-strength steel tendons in the gravity section and spill-
way piers. A VSl svstem was used, with terndcns spaced at !0 feet on center,
and stressed to approximately 300 kips. 1In addition, & third piesoumeter was
recuired in order to provide for more reliable monitoring ot the hyvdrostatic

pressures in the upstream fill material. Sfee Figures i and 2.

Claytor Dam

19, Thke Clavtor Lam, located en the New Kiver, near Radford, Virginia, was
constructed in 1939. 1t is comprised of an overflcw gated spiliwav, a power
house, and nonover{low abutment sections. The total length ot the dar is

1142 feet and has a maximum height of 120 feet. See Figure 3.

20. Clayter Dam was first identiffed as requiring a satet e¢valuaticn through
the Part 1. inspection program and was required, by UKB Stat:, to file a plan
for rehabilitation as a condition tor relicencing in 198C. The dam was f‘ound
to be urstable for PMF loading, and a remedial action plarn was 1iled in lune
1983, A two-phase plan was approved, which involved raising the spillwav
gages to increase spiilway capabtility and stabilizing the nonoverflow sections
of the structure.

21. Phase one rehabilitation, raising of the spillwav gates, was approved tor
construction in September 1983, aud work was completed in Julw 1984, The
gates were raised 27 feet to increase spillwav capacity and to thereby lower
the PMF levels (by approximately 6 feet) in the reserveir as well as lcads on
all structures. This lowered the hydrostatic loads on the spi'lwav so that it
would ke stable under the PMF (Figure 4).

22. Phase two rehabilitation included posttensionirng of a weal plane in the
right nonoverflow abutment and the installation of reinforced concrete thrust

blocks at both abutments. Tn addition, rock downstream of hoth abutments was
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grouted and capped with concrete to prevent unraveling curing overtopping of

n

the structure. This work was completed in March 1985 (Figure 5).

-

23. Both phases involved unusual solutions to the dam safety problem. The
raising of the pates, in phase cne, allowed for the PMI to be passed through
the spillway more etiiciently, but did not increase capacity sufficiently to
prevent overtoppiug. This recuired that all sections be aralyzed for lcadings
induced by overteopping, and raised manv questions concerning the performance
cf and existing drainage system under hvdrostatic loading far exceeding any-
thing previously experienced bv the system. Phase two stabilization of the
rornoverflew portions was complicated by geologic cenditirns which precluded
posttensicring to rthe toundation rock. A thrust block of reinforced concrete
vas approved which was designed to resist the tersile forces induced by the
resultant of all forces falling cutside the oripinal base of the dam. Post-~
tensioning was used to stabilize a plane in the right abutrent section which
was racked and leaking, but the anchers did net extend into the foundation

(Figures » and 7).

Barker Dam
Jh. o Parker Dem is a 17%-toot-high, 270-fcot-long concrete gravity dam located
on the Middle Poulder Creek, near Roulder, Colorade. It was constructed in
1910 and developed ercessive leakage to the extent that in 1933 the dam and
tourdation were grouted. leakage again developed ard in 1947 additional
repairs were made, consistirg of the installation of a closed drainage systen,
placvement ot a corcrete membrane on the upstream face, and deep foundation
grouting [iigure &).
25, Councerns for the stability of Barker Dam were again raised in the DRB
studies a« part of the relicensirg in 1981 and the licersee was ordered to
undertake a studyv to determane the actual uplift distribution under the dan.
Stalf studies chowed the vam to be unstahle under PMF and normal loading
conditions, using conventiona! vplift assumptions. The licensee conducted a
comprehers fve geotechnical investigation including piecometer and Gicetzl cell
installaticr, This study showed that uplift pressures en!sted under portions
of the dam whicl approached the theoretical cracked-base assumptions used in
the stait studies; i.e., a significant percentage of the available head

existed over porticns of the bhase. Other portions of the base were shown to

73

e— ...« 4

| I

P



PMF EL (880°-0°
=

AL 185880

A,Q" OYWIDAG THREACBAQS
POSTTENS.ONED

- L e ouc zP_Taing )
IME_SLIBXO0. g, L VWATERSTID X 2. ‘a8
== S~ e ==
= - . ,OE | | (<=7 onm
~ ;. z :
£ 1818 h - e |
cL '8 - N e
~. ™ vz o}
R A I |
3 7
' - M L ¢
EL._'807 » 3 <k
< a5 ‘e
\.‘\2\; D [ Sl
B v | . - -
NLLAMS _8-'G-«C-L2%F - 300 .0 o gy
“OLLOW GACLTABLE  EBAR Y T~ TRAN
A2Cx ATLTS  3.R.0° _3;
20 22— | i
f .. '733.C°
BRIE L
0 50 - YA ,
——ee e e ———
RIGHT ABUTMENT
i"'L“UI'O 5




e sggytlaaoxf

12°0°2
l IEL!VJggso'

NormAL Pool
ey, \246.0°

EXISTING

zﬁs%gﬁ%ﬁﬂ!dx:'

ELBVY. 1162.0’

20-0°* 16-0"t |

CLAYTOR DAM

Figure 6

— et e A




T SIS S S

Y |

Iy
o
3
= :
FounpaTion ReacTIONS
CLAYTOR DAM

76




WATER AY
SPILLWAY
EEEE— ELEVATION

- PREPAKT
] FPACR

DRAINS

FIELD MEASURED
Fig. 1 - 1946 Restoration UPLIFT PRESSURE

NORMAL UPLIFT WITH
OPERATING DRAINS

Fig. 2 - 1982 Uplift Pressures from
Field Investigation

BARKER DAM

Fisure &

77




have pressures in the range o 'S to 33 percent of the available head when the
reservoir level was raised slightly,

2t, The coaditions outlined above prompted the Cormission to order the reser-
voir lowered bv 19 feet to increase stability until repairs could be inple-
merted. Repairs to Barker Dam are unusual due to the fact that the forces
recuired to stab-ilize the structure would not allow placement o tendors ot &
spacing closer thar & feet on center. This resulted in the [nstailation o 1
vertica! anchors alcny the crest o the dawm and additiora? rows ol anchors
placed at 30~desree angle through the downstrear icce (Figures 9 and 10, 0
,

finite element aralvsis was cenducted te determine cuncrete and foundation

stresses resulting from the pesttensiciing torces, erd te determine interao-

tior between anchors. The desfgn required 94 rultistrand, high-strenvth

tendons stressed te design rorces of up to Y450 kips. Pooh tenden consisted
ot 52, 1/2-inch=diureter 2/(-Lsi strards. VYork was cerpleted ir Docember o0 1
at a (cst of approximately €5,000,007, {
Recommenaations y
The satetr: evaluaticr of an exisz' lte gravit: cnodsa conplen, site-— i

specific preoblem witlh each prefcct presenting nnique conditicns that sometiro:
require unusual solutions.  This makes ectablivhite penvra’ived criteria and
analvsis procedures ditiicult, “he "VRO expevience with pravity damy has,
hewever, indicated several areas which we tee: vorld bepes it by additioual
research leading to the development o: standard o aluation vettods,

a. Pplitt Pressures - PMistribotion

Analvais Methode, The maenitude

and distribution o uplitt pressurer

eaow an o exist iy damoare prob- 1
ablv the rost critical elements in the stability analveis. and are
unforturately the nest diftfice’s (o estabiich.  Four sypeciiic areas

reguitle research ard are described belov av gues: fons to be answered:
i !

(1Y Fow are drain etticiercics artected v increos i (he available
head” Current practice i~ to noo the sanme ¢ aciency at aii reser
voir levels, but. as shown by the Poarker o0 coperience, this mav ot
be corservative. Analvsis procedures, 1o et padt Tished in the it-
erature, recuile the assurption of the raanituae o the head ot the
entrance te a drainaje svsten, withbont conocdorats 0 e svatem's

chitity teo bondie the inttow guant it o Levears deading to ,uidelines
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of extrapolating from drain etficiencies at normal conditions to
efficiencies at much greater inflow pressures and quantities would be
beneficial.

(2) How does a cracked interface at higher than normal pocl eleva-
tiors affect drain efficiency” The performance of the drainage sys-
tem when the base crack extends beyond the location of the drains is
extremely critical tc the analysis (Figures 11 and !2). This condi-
tion requires the application of full head-water pressure for an
undrained base, but current criteria do not give guidance for a
cracked-base with drainage,

(3) How should uplift be considerec¢ in an analysis, as a load or
separately as a pressure to determine the initlation of interface
cracking? Corps procedures use upliit as a load crn the structure in
the same wav as driving forces, but USRR procedures separate vplift
from the aralysis. TFor design purpeses the two procedures are
identical because tension at the heel is aveided by changing the
structural geometry so that the resuitant of all fcrces is within the
kern of the base, and low drain efficiencies are usually used. For
existing structures, however, the two methods can give dramatically
different conclusions wher & high drain etficiencv is used. See
appendix for an exarple.

(4) How should uplift be considered in a {inite element analysis?
Several procedures are currently used, from applying the effective
uplift forces as point loads on the intertace to using pore pressures
below an assumed phreatic line.

Interface Strength Parameters. The streugth of the rock-concrete

interface, in both shear and tension, is equally difficult to estab-

lish and almost as important to the analysis as uplift distribution.

Research which establishes guidelines in the followirg areas would be
beneficial:

(1) Recommendations concerning the testing techniques and extent of

geologic investigation required to establish strength parameters for

ar existing dam.

(2) Establishment ot guidelines for selection of strength parameters
based on expected rates of loading or’/and probability of a particular

loading cordition cccurring. For irstance, what parameters should be
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used in an earthquake analysis when the expected loading is of higher
magnitude and much shorter duration than ncrmal conditicns?

Establish Cuidelines of Safety Evaluation of Existing Dams. The

establishment of a consistent set of guidelines and criteria to be
used by all federal agencies in the safety evaluation of existing
gravity dams would be beneficial, as would recommerdations concerning
when and to what degree upgrading of unsafe dams is required.

(1) Criteria for evaluating dam safety is generally that established
by the major dam builders in government, such as the Corps, USBR, and
TVA. Therefore, inconsistencies among the agencies conccrning the
procedures and criteria for dam safety evaluations (e.g., uplift
analyses as previocusly mentioned) have an impact or the entire indus-
try. The primary berefit would be that a consistent level of public
safety would be assured.

(2) The development of criteria and procedures for determining when
and to what degree a structure should be uppraded would be heneficial
because the economic impact on private and municipal dam owners would
be reduced. The current system of each agency having independent
standards of evaluation sometimes requires owners to satisfy

cenflicting Jevels of dam safety concern.




APPENDIX

Gravity Dam Example

Uplift Assumptions
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CCMPUTER CODES AVAILABLE TO ASSIST
IN STABILITY ANALYSI

N. Radhakrishnan
\\' US Armv Engineer Waterways Experiment Station

1. The Three-Dimensioral Stability Analysis/Design Program (3DSAD) has been
developed under the Computer-Aided Structural Engineering (CASE) project for
the analysis and design of hydraulic structures with respect to overturning,
slidirg, and maximum bearing. Mr. Fred Tracy, Automation Technology Center,
VES, is the principal author of this program. The program has two modes of
operation: (1) general structural capability and (2) specific structure
tvpes.

2. The general modules aliow the user to create and interactively plot the
geometryv and loads o! the structure, obtain volumes, weights, centroids,
torces, and moments for thesc, and then do an analysis to determine if the
bace pressures, area of bere in compression, sliding, and maximum bearirg are

at acceptable values. A Free-Body Module also exists tc "clip" the geometry

and leads to determine a new problem and make the subsequent analysis. <§T~M*A_

3. The specitic structure modules (currently dams and gravity locks) start
with certain predetermined shapes (the dams module, tor Instance, has an over-
flow cross section, a nonoverflow cross section, and a pier section) and
allows the user to give specitic values for the parameters for these pieces.
The genera: geometrw, Joads, ard analysis data are then automatically gener-~
ated for the uscer. Also specific load cases are preprogramred in the specific
structures modules. Ptor instance, the dams umodule has the six standard load
cases oI construction, normal operating conditier, induced surcharge, flood,
and the two earthquake conditions. A Desigrn Memorandum (DM) plate capability
ig also available tor dams.
4. This preogram has hLeen used by several Corps of Engineers District offices
on a variety of projects. Examples are Lock & Dams 2 and 26 bLv the St. Louis
istrict, Richard B. Ruscell Dam by the Mobile District, and Chief Joseph Dam
bv the Seattle Dictrict.
5. Some ot the slidec vsed to describe and discuss the capabilities of 3DSAD

follow:
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OPERATING HOUSES ON TOP OF DAM PIERS, LOCK & DAM #2
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Swiss Federal Institute cf Technology

1. Dr. Kalman Koveri is the Head of the Rock Engineering Department, Swiss
Federal lnstitute of Technology, Zurich, Switzerland. Dr. Kovari is an acknowl-
edged authority on applied and theoretical rock mechanics, specializing in the
rock engineering aspects of dams, tunnels, and cother large structures. He has
analyzed rock mass stabilities as they pertain to overall structural stability
in both the design phase of new construction and in the evaluation processes
applied to preexisting structures. Dr. Kovari has worked with projects not

only in his native Switzerland but also in other Furopean countries and sev-
eral other continents. The following is a summary of the presentation made by
Dr. Kovari before the September 1985 Corps of Engineers REMR Workshop on the

DETECTION AND MONITORING OF STRUCTURAL DEFICIENC]F3
IN THE KOCK FOUNDATION OF LARGE DAMS*
. A ’\ C ™
TION v
DEOC5590
Kalman Kcvari E £j SEY
{
b
1
A

Stability of Large Concrete Structures on Rock Foundations at Vicksburg,

Misgissippi.
[ X

2. To judge the safety of a structure or understand its actual behavior,
deformation measurements are usually carried out. This is the practice of all
truly professional engineering organizations such as the US Army Corps of
Engineers. It is applicable to almost every kind of structure, whether it be
a pier supporting a bridge in Brazil, a quarryv slope in lucerne, or a subway

in Munich. It cannot be emphasized strongly enough that a structure, such as

9 . ,
a dam, and its foundation form a structural unit; consequently the behavior
« and safety of that dam are inseparably linkecd with the performance of the
foundation. Moreover, it is generally recognized that it is not the average

rock corndition which is the cause of concern but rather the presence cf spe-

cific deficiencies like weak zones, open or "healed" joints, continuous shear
¢cones, and so on. Considering present-day numerical methods in aralysis and

design of dams and also the advanced construction technology and materials

used, the major source of uncertainty in predicting the behavior and safety of

dams, large and small, mainly resides Iin the actua] rock mass properties and \>

ore
* A summary of Dr. kalman Kovari's presentation by James Warriner,
Geotechnical Laberatory, US Army Engineer Waterways Experiment Station.
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behavior. For these reasons, it is now common (or should be) to continuously
monitor the structure and its fourdation throughout its service life. One of
the most useful forms of monitoring is that of deformation measurement. ¥
QT\Q::?
3. Deformation monitoring of dams and their foundations may have three basic
purposes:

a. To check (confirm) normal behavior providing a measure of confidence
and checking the validity of the main design assumptions.

b. To allow early receognition ot deviations from the normal behavior.

c. To find the cause or causes of the unexpected behavior.

In stability evaluations, emphasis is placed on the second and, most strongly,
on the third of these purposes. Therefore, it is to be expected that addi-
tional instruments and observations will be required for a structure showing
unexpected behavior during its service and well after its construction. [Unfor-
tunately, the critical volume of interest, the foundation rock, is covered up
by the massive structure itself. If we are luckyv, there are nearhy out-
croppings on which we may observe areas of the rock and its characteristics,
but those observations will only be indirect indicators of the rock under the
structure. They are far better than nothing at all Lut the rock defects
causing erratic behavior are highly localived and must be examined and

instrumented directly.

4. Generally, only a very few displacement vector components from selected
points on the structure or in boreholes will be achieved by standard instru-
mentation programs. This sparsity cf data, when compared with the wealth of
information provided by sophisticated analys’s methods like the finite ele-
ment, is a severe restriction on the meaningful epplication of thuse methods.
Such limited measurements may be referred to as 'pcint-wise observations." As
long as the size and direction of the observed displacerents are acceptably
close to that of the predicted ones the "point-wise observations" fulfil]
their purpose. However, in the instances of exceptional behavior, the situa-
tion is completely different. Hidden details like particular joints or weak
zones that are relatively distant from the points of observation might play a
crucial role. The concept of "line-wise ohservaticn," along with high preci-
sion instrumentation, will supply a larger and more meaningful amount of

informaticn and, thus, may provide the key to proper understanding of complex
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geotechnical situations, their causes and effects. '"Line-wise observation"
means measuring the distribution of a deformation quantity along a line,.
Borehole inclinometer devices that measure inclinations while traversing the
borehole are examples of current "line-wise observation" technology. Anchored
extensiometers, whether single element or multiple element, are examples of
"point-wise observation" in that their measurement points are the fixed

anchors in the borehole.

5. Consider a borehole as a measuring line inside a rock mass. If the mass
deforms, then the line will also deform. The more we know about those measur-
ing line deformations, the more we know about the deformations of the volume
of the medium surrounding the line. We may affix points along the measuring
line and measure their movements relative to the end of that line. That is
then the extensiometer concept. However, each oif those separate measurements
of movement incorporates all deformations in the intervening length. The
pointwise extensiometer is essentially an integrated measurement of displace-~-
ment only, and limited in scope as well, More meaningful, both in terms of
localization of measurements and in terms of available quantities of data
points, would be a measurement scheme directed towards the differential of
axial displacements which is axial strain., Differential measurements of axial
strain within a measuring line are achievable using modern instrumentation
design and fabrication. A device which uses the concept of differential

measurements of strain within solid media is the borehole micrometer.

6. The borehole micrometer is a 1 meter long probe with a spherical head at
each end. The device is lowered into a borehole to specific measurement loca-
tions at each of which is a pair of conical seats | meter apart fixed within
the casing and through grout to the rock mass. When the probe is made to seat
its spherical end pieces in the conical seats, an internal transducer measures
the actual separation of those seats to the nearest 3 micrometers. Consider-
ing the nominal base length over which the differential is measured is | meter,
then the axial strain of the borehole (and therefore the strain of the sur-
rounding rock) is measured with an accuracy of 3 x 10—6. This is sufficient
accuracy for stress measurements to the nearest 150 psi in typical rocks, or

for detection of very minute rock joint openings as overlying structures are

loaded.




7 Differertial borehole axial strain measurements using the borehole micro-
meter device have been made beneath many types of structures and have been
vsed to locate individual joints and weak zones which were critically irvolved

in exceptional behavior of those structures.

8. At the Kolnbrein arch dam in the Austrian Alps, subsurface rock strain
measurements indicated not only a change in deformation ragnitudes with
increasing water levels, but also a major redistribution of stresses in the
foundation rock. It was concluded that there was an unexpected reduction of
the compression zone in rock beneath the upstream tce of the dam caused by a
simultaneous decrease in the load transfer surface at the base and a change in
inclination of the dam thrust to increase shear forces relative to normal

forces.

9. The Albigna gravity dam in the Swiss Alps demonstrated cracks in several
monoliths that propagated down into the rock fcundation. 3y the use of sub-
surface rock strain measurements, a pair of active rock joints were identified
that were opening and closing by as much as 3.8¢ mm per meter with changes in
water level. The joints were later fourd to davlight on the reservoir bottom
near the toe of the dam. Stress field interpretations of the borehole strain
data, together with verificetion of no other joints cpening and closing,
allowed confirmation of the dam's stability and close control of remedial

grouting to stop the underseepage through the pair of opening joints.

10. 1In his presentation Dr., Kovari briefly outlined some modern consider-
ations in the evaluation of behavior and safety of large structures built on
rock. He also described the concepts of measuring strains directly in in situ
rock as opposed to simply measuring displacements. Additionally, the instru-

mentation means for measuring those in situ strains were described.
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COMMENTS ON A PROPOSED INVESTIGATION OF LATERAL EAPTH
PRESSURES EXERTED BY BACKFILLS

wWayne Clough

$S§:{ Virginia Polytechnic Institute and State University

l.‘ The rehabilitation of navigation structures requires consideration ot the
lateral earth pressures acting upon the structure. Typical assumptions for
earth pressure loadings usuallyv feollow patterns dictated by classica! theories.
For example, at-rest pressures with a simple triangular distribution are often
used. Although it has been known tor some time that actuai earth pressure
distributions are more complex than this, in many cases it is expedient tec use
the simplest approach, and experience suggests that this approach is usually
conservative. However, the problem of the navigation structure is one where
the simplest assumption is not likely the best one, and Lecause the assumed
lateral pressures significantly impact the economics of rehabilitatiorn, the

problem deserves study under the Repair, Evaluation, Maintenance ana Rehabil-

itation (REMR) research program. i;iit\

\
2. When considering a ravigation structure, there are many tactors that poten-

tially cause the latercl earth pressures to deviate from conventional

assumptions:

a. Compacticn effects ard long-term creep in the backfill.

b. Cyclic movement of the structure walls due to alternating water levels
and temperature effects.

c. Structural shapes that deviate from that c¢f the simple retaining wall.

d. Backfille that are placed in cute ¢f limited extent in natural
materiais adjacent to the structure.
Deperding upon which combination of the factors domir+ates any particular
problem, the lateral earth pressure resultant may be either larger or smaller
than those of the at-rest type assumpticon. Tn many cases, the earth pressure
distribution is also likelv to deviate from normal assumptions, thus atfecting

deliberations about overturning and moment distribution.
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FRGINEERING TECHNICAL LETTER, "STABULITY CRITER!IA
FOR REHABIIITATION OF NAVIGATION CONCRETF STRUCTURES"

M. F. Lee

Directorate ot Engineering and Construction
Office, Chief of Lrgineers, US Army

SU'MMARY

A copy of the draft Engireering Technical Letter (ETL) was handed out to
attendees. Mr. Lee talked about the purpcese, background, and contents of the
FTI.. The goal was to get the FI1L published bv January 1986, Pittsburgh Dis-
trict persornel were stiil workinvg on the section ¢f the ETI on rock anchors
at the time of the Worxshop. The draft ETI that was distributed at the Work-
shop is provided os Appendix B,  This draft 'Vl is continuing to be revised

and should not be used without HOUSACE (0CI) consent.,




3. Achieving the objective of an improved earth pressure prediction
technology will require studies along several different lines with

complementary ends:

a. Measurements of lateral backfill pressures.

b. Studies of lateral pressures using reasonably sized laboratory model
systerms.

¢. Analytical studies of full-sized navigation structures using modern
finite element technology.

The first of these is needed to develop confidence in the results of the model
ard analvtical investigations. No reasonable ergineer would undertake major
changes in the assessment procedures for earth pressures based onlv upon lab-
oratorv or analytical methods. Measurements of loads acting on prototype
structures is a kev ingredient in developing confidence in anv new findings
that might be generated. The second task, model studies, will be important
since thev can allow careful measurement of earth pressures in a controlled
environment. In addition to the question of lateral pressures, per se, they
of fer the opportunity for fuli-scale testing of any devices proposed to
measure pressures in the backfill or stresses acting on the structure.
Finally, the finite element unalyses described for the third task are useful
because thev can generate information efficiently on large numbers of relative
parametric ettects. The analyses can be calibrated by the results of the
~ther two phases of the overall study program. The results of the finite
element aralysis will be particularly useful because they can be molded into a

simplified design method through charts and personal computer hased programs.

4. The main focus of this document concerns the first of the proposed study
tasks, namely, measuremert of earth pressures acting on existing structures.
The following paragraphs are devoted to a discussion of the issues associated

with this topic.

Measuring Earth Pressures Acting on Existing Structures

5. Relatively little attention has heen directed to this general subject
area, prohably because the profession has been more concerned with building

new structures instead of rehabilitation. Fortunately, it is not necessary to




create an entirely new technology for the desired purpose, but rather to accept

existing procedures to the task at hand.

6. There are at least three different approaches that can be applied:

a. Pertorm tests in the backfill near the structure with "active'" in situ
test instruments.

b. Place "passive" instruments in the backfill,

¢. Identifv those cases where earth pressure cells are installed on
navigation structures, and directly measure lateral pressures.

Backfill Tests with "Active" In Situ Devices

" in situ device is meant to apply to a

7. In this text, the term "active'
device that is inserted into the bLackfill, and which expands or presses
against the soil in the test. Instruments in this category for which we have

a good experience base include the pressuremeter and the Marchetti dilatometer.

8. The idea for this work tuask would be to utilize present day instruments,
or slight modifications therecof, to measure the lateral stress in the backfil!
of many retaining structures. Assuming that this is done near encugh to the
structure, the scil pressures should be the same as those acting on the struc-
ture. Because of the recent advances in in situ testing technology, it would
appear that this task can be achieved in many cases using available o1

slightlv modified instruments.

9. Active in situ devices for which there is gcod experience in measuring
lateral stresses in soils include various tvpes of pressuremeters, and the
Marchetti dilatometer (5)*. 1t mayv also be possible to include in this cate-
gory the concept of hydraulic fracture, but this procedure would have, at

most, only a limited range of applicability for the backfill situation.

10. Pressuremeter technology has come a long wayv since the introduction of
the original Menard pressuremeter in 1955. Several new versions of the pres-

suremeter have been introduced, and considerable improvements have been made

* Numbers tefer to References found at the end of this paper.
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in the manner in which measurements are made during the test, leading to both
better quality test data, as well as additional informaticn not availatle
before. The basic Menard pressuremeter test involves preboring a hole,
inserting the probe into the hole, and expanding the probe while measuring the
volume of hole and the pressure applied to the probe membrane. linless special
measures are taken, this approach has historically been found to be lacking in
accuracy and repeatability in determining lateral stresses (8). The self-
boring pressuremeter, introduced in the early 1970's, has been found to lead
to more reliable laterai stress measurements (l, 4, 9). It would appear to
have petential for the applicatien anticipated for this work and warrants

additicnal discussion.

11. 1t is not possible to review the many papers that have been published on
the self{-boring pressuremeter. Useful summaries are given in references [, 2,

4, 7 and Y. Some key characteristics are as follows:

a. Is well adapted to the use of automatic data acquisition systems.

b. Can be used to measure the lateral stress in several directions in a
soil in one test.

. Interpretation of the results for lateral stress is simple.

d. Test results can be used to determine scoil strength and stiitness in
addition to lateral stress.

Limitations with the self-boring instrument are primarily related to problems
with probe advance in verv stif{ clays and gravellv soils. Improverments have
beer made in these areas with the introduction of new drilling techniques and
the use of directed jetting as an alternative to drilling the prohe in place.
However, for some cases, such as gravelly soils, self-bering is impossible.
Such conditions call for the preboring or driving open the hole for the pres-
suremeter. If pretcring or driving is done with care, ana the tests are
designed prcperly, in many instances reasonable measurements can be obtained.
70 be able to derive the degree oi confidence that is needed, additional
testing would be usetful to check the accuracy of pressuremeter measurements
when preboring or driving is used to open the hole. This will be possible if
the in situ prohbe evaluvation is combited with the model testing effort as is

described subsequently.




12. Although the self-boring pressuremeter is probably the best method for
determining in situ stress in soil, other techniques are showing promise,
particularly in difficult soil conditions. OCf the new methods, most of the
experience has been with the Marchetti dilatometer. This device relies on
empirical procedures to obtain lateral stress, since the probe disturbs the
ground as it is inserted. Recent experience in measuring lateral stresses in
gravelly sands at Lock and Dam 26 using the dilatometer showed that this
device gave values which were more consistent than those obtained by other
techniques (3). The dilatometer is attractive because it is very rugged and
strong. Because most of the research with the dilatometer has been ir uniiorm
soils, research is needed to determine exactly what its capabilities are in

the types of material used for structural backfills.

13. To this writer's knowledge, there have only been two cases where active
type in situ probes have been used to measure lateral earth pressures in an
environment such as a retaining structure backfill (Z, ). Althcugh both of
these test programy were relatively successful, the experience base is limited.
Before field testing is done for the REMR program, controlled tests should be
conducted using the most promising of the in situ probes. Such a program ot
tests could be linked to the model tests that are recommended as a part of the
larger investigation of lateral pressures. If the model tests are of suitshle
size, in situ tests could be performed directly in the backfill of the model
and checked against known pressure conditions.

Pressure Measurements in Backfills Using "Passive" Instruments

14, Passive type instruments are those that are used to measure lateral
stresses In soils without any movement of a membrane or any other part. These
devices are inserted into the ground and remain in place until ar equilibrium
is reached. The amount of time required before the equilibrium is reached
varies depending upon the type of soil and the method used for insertiomn.
Examples of the passive type of device are the Gloet:] cell (7), the

Camkometer (9), and the lateral-stress cone (6).

15. The Cloetzl cell and the lateral-stress cone are inserted by pushing them

into the ground. This presents a problem in stiff or gravelly soils, ard
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there is little that can be done to overcome it. Because of this limitation,
the Gloetzl cell is used only irn soft to medium clays. The lateral-stress
cone, which has only recently been introduced, can be used in more difficult
couditions than the Gloetzl cell, since it has & torpedo like -hape, and it
can be designed to withstand high thrust loads. 1his device has an added
advantage in that the thrust readings during insertion can be used in empiri-
cal cerrelations to estimate soil properties other than strength. However,
experience with the lateral-stress cone is limited, and further testing is

needed before it can be used with confiderce.

16. The Camkometer may be thought of as a self-boring pressuremeter without a
nembrane or ary capability to load the soil. It has load cells to measure the
pressure acting against the sides of the probe. The Camkometer has not found
muck use in gectechnical engineering because most engineers would prefer tc use
the self bering pressuremeter inesmuch as it can be used to get information on

both latera! stresses and the scil strength.

17. Gf all of the passive type instruments, the lateral-stress cone appears to
be the hest candidate for use in the REMR research program. Should it be
included as a candidate, it should be integrated into the test effort in the
model testing phase so that it can be evaluated directly against the active
type precbes. This is particularly important for the lateral-stress cone since
it is & very recent development and has ncot heen subjected to extensive

scrutinv,

Earth Pressure Cell Measurements

18. Earth pressure cells embedded in the walls of retaining structures have
been used on a number of occasions to medsure lateral stresses. Of course, to
use earth pressure cells, they rust be installed prior te backfilling. Thus,
earth pressure cells have little application in specific cases of rehabilita-
tion since thev have been rarely installed. However, there are some instances
where eartl pressure cells can find applicatien. First, in the few cases
where earth pressure cells have been installed in navigation structures (e.g.,
Port Allen ard Cld River Locks), the cells could be read again to assess long-

term earth pressures, assuming that the cells are still operative. Second, in
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the future where a new structure is to be built, earth pressure cells could be
installed with a monitoring program designed to capture those data which are
deemed useful to the issue of lateral loading. These data could be particu-
lar!v usetul in establishing a prototvpe haseline which could complement the

information determined by the other techniques.

19, Finally, if it is determined that the earth pressure cells on some exist-
ity structure are in working corder, this would offer an opportunity to field
test the best of the in situ probes. The lateral pressures measured by the

probes could be checked against the values recorded by the earth pressure

General Comments

20. Measurement of the earth pressures acting on the walls of navigation
structures is of value in view ¢t the complex nature of the problem ard its
inportance to the issue of how to rehalilitate older units. Direct measurement
of the pressures is only possible where earth pressure cells were fortuitously
installed Curing censtruction. Unfortunatelv, this has been done in few cases,
ardoeven 'ewer of these are still operahle. This leads to the need for deter-
pinir, the pressures by means of measurements of the lateral stresses in the
Bacik: P Tw near the structures,  Manv instruments have Feen proposed for the
curpose o determinirg lateral stresses in scils in an at-rest state.  0Of
these, the pressuremeter (self=boring and nonself-boring), the dilatcmeter,

and the Taterdal-stress cone would appear to have potential for addressing the

profler G measnring pressures in retaining structure backfillis.

2.l the soils in the backiills are not gravellv, the self-boring pressure-
metor would appear to provide one of the best options. Tn softer scils and
samds, o sell-boring advance could readily he used. In stiffer clavs and
siltw, the majority of the advance could be achieved with preboring, and self-
horineg veed only for the final stages before the test depth. Alternative pro-
cedures vsing roller bits and high-pressure jetting are in the process of
development,  In gravellv soils, preboring and/or roller bit drilling would be
reaquired, although in such instances, disturbance mav be a problem. It is

alse pessible that the conventional pressuremeter mayv suffice in cases where




I

gravels and cohbles are present., Testing cf the ditferent approaches in a
laboratory model test apparatus can help resolve the issue ot how nmuch

disturbance is likelv to occur.,

22. Both of the other candidate probes, the dilatometer and the lateral-
stress cone, involve insertion by pushing. This inherently leads to o certai,
degree of disturbance, and thus, these methods ore theoreticallvy not as accu-
rate as the self-boring pressuremeter. However, in more ditticult envirog-
ments, such as graveliyv soils, the dilatometer or the ldateral-stress cone o
prove advantageous. Testing in a laboratorv ervironment is needed to help
sort out the accuracy that can be achieved in this task.

23, The program of checking out candidate in situ testing probes shoull '
coordinated with reasonahly sized ncdel tests of an instrumented retaining
structure. In this wayv, the probes can be uvred directly to Jdetermine pres
sures in the model backf{il., &rd the data can be compared to the pressures
measured that act on the wall itself. These trpes of test« will also oflow
for the possibiiity of modification ot the probhes to enhance their capabilit

to measure hackiill pressures.

J4. Field trials of the candidate probes might well be carried out at a slte
where a navigation structure has operating earth pressure cells.  This will
provide a prototvpe check on the capability ol anv device to measure the ey ti

pressures acting on the structure,

25, Finally, it is realized that in manwv cases, the back: "l of navigition
structures are composed of rocky materials, and such circumstances are prob-
ably bevond the capabilityv of in situ stress measurement technologv. In this
tvpe of environment, not onlv ie it difficult to introduce a probe icty the
ground, but also the point to point contact of the rock lrapgments makes it
almost impossible to find a location where stresses can he measured. However,
it is the opinion of this writer that a great deal can be learned abeut the
earth pressures acting con navigation structures hv making measurements :or
those cases where conditions are suitable. Using reascnable judpement, these
measurements can provide kev information for the purpose of extrapolating to

problems where earth pressures carnot be measured.
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Goals o1 the VWorking Croup

I. Summarire the present procedures ror deterniining paraneters r1or the pur-
pose of cemputing the driving and resisting torces.

2. Identiry shoertfalls in the present procedures ror the purpese of evaluating
the stability of existing concrete structures on rock.

3. Recommend potentis]) soluticns to overcoming the identified shertfalls with
empliasis on R&D plans tor addressing the problems.

introguction

4, Manv Corps emplovees fee!l that conservative anralvsis proceaures amd shear
strength parameter selection procedures are the chiel reasons that some aging
Corps structures have calculated stabilityv calety facters less than desirable.
Available guidance does reot provde any information as (o the materiai parame-
ters for which the required factor of safety is reiated. If resicual strenpths
are used, the factor of safetv should pessibly be lower (hian 2.0, Adding
additional stabilitv to an existing structure is costiv and, therefere, should
nct be done unless it is truly needed, The calcuiated safety actor against
sliding of a concrete structure on rock is very sensitive to the shear strength
parameters sclected for the analvsis. This report presenls the discussion ani
findings of the working group on the selection of shear strenpgth parameters.

Present Procedures

4

5. The most common approach for obtaining shear strength parameters for analv-
sis of stability of structures on rock invilveg several steps:

a. Determinatior of potential failure plares.

b. Retrieving undisturbed sarples *rorm the potentia! failure zone.



¢. Testing specimens prepared from undisturbed samples.
d. Selecticn of failure criteria.
e. Fvaluation of shear strength parameters to be used in design.

This appruach of obtaining strength parameters is known as the Testing Approach
and it is used bv the Corps of kEngineers in some form. There are two other
approaches known as the Rational Approach and the Empirical Approach for eval-
uation c¢f shear strength parameters. These have not been used by the Corps.
Detailed discussions on these approaches are given elsewhere in this report.

6. Although the Corps of Engineers uses the Testing Approach, there are nc
guidelines regarding selection of appropriate test samples, selection of fail-
ure criteria, and design shear strength parameters. C(Cuidance on how to select
failure criteria has not heen published and ccnsequently has led to a wide
variaticen in choice of design parameters. For example, some divisions use
peak strength parameters; whereas, others are using residual strength parame-
ters and still others use some intermediate value between peak and residual.
Definitive guidance 1is reeded on when peak strergth parameters or residual
strength parameters are to be used, or when some value hetween the two shculd
be used and on how this value is te be selected. Because of the lack of guide-
lTines on selection of test samples, shear strength parameters are obtained by
(a) testing cores of intact rock and (b) determining the friction hetween
sawed unweathered rock surfaces prepared by a diamond saw. No regards are
given to the rock mass discontinuities even thcugh they may form part of the
potential failure plane. The strength parameters corresponding to intact rock
specimen and flat sawn surraces are desigunated as upper bound and lower bound
streugth parameters, respectivelv., Effects of asperities and weathering con-
ditions cof joints are often ignored because of the dif{ficulty and uncertaintyv
of defining them.

7. The shear strength parameters tor the rock—-concrete interface are some-
times determined by testing a specimen prepared bv casting grout on a rock
specimen. There is no standard for preparing specimens for testing concrete-
rock interface strenpth. [n some Corps laboratories, specimens are prepared
by casting grout on rough sawn rocrx surfaces. In others, fractured rock sur-
faces are used. The diiferent methods of rreparing the srecimens results in
considerable variations in strength parameters for the same tvpe of rock and
grout.

€. Triaxial tests are normally used ior testing intact rock, and streugth
parameters are obtained by drawing Mohr Circles (Mohr-Coulomb f{ailure cri-
teria). The friction between precut surfaces are determined hv Direct Shear
Tests. Discontinuity strength parameters are rarely determined. Strength of
govge materials are often determined from fabricated specimens. In the case
where geuge materials cannot be obtained, artificial gouge is prepared byv
crushing the rock that forms the joint walls. Test specimens ave then pre-
pared by compacting the artificial goupre at the desired compacting effort and
moisture content based on the judgment oI the engineer or geologist in charge
of the work. Soil direct shear testing devices are normally used to test
gouge specimens. It is scmetimes possible to determine the strength of gouge
materials from sampled specimens or large-scale in situ tests.
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9. It was the consensus of the working group that the exploration and selec-
tion of representative samples for determining strength parameters are not
consistently done. Mostly inexperienced Corps personnel, who have little idea
of the sensitivity of the strength parameters to sarple disturbance, make
decisions in the field as to drilling operation and sample selection. When
exploration is dore by contract, the situation generaily becomes worse due to
the tendency to cut corners in order to produce more in less time. Contractors
seldom perform detailed investigations in selecting materials for testing.
Gouge materials are seldem recovered for testing by some contractors.

Shortfalls in the Present Procedure

lLack of Criteria Regarding Shear Streugth Parameter Selection

10. There is a complete lack of reference materials in Fngineering Maruals
concerning the selection of shear strength parameters for analyzing the siid-
ing stability of structures founded on rock. Strength parameters for various
critical stages (peak strength, ultimate strength, and residual strength) are
normally obtained by performing tests or samples, but there are no guidelines
for choosing a failure criteria or selecting which strength parameters should
be used to calculate the factor of safety,

11. Each individual Corps division has its cwn failure criteria based on
their past experience. For example, in Chio River Division (ORD) residual
strength are often used on the basis of site specific conditions. Working
group members from ORI reported that investigations of the failures of the
Uniontown and the Cannelton Cofferdams in 1971 and 1974, respectively, indi-
cated that sliding along presheared clay seams was responsible for both the
failures. Because of the preshearing, the gouge materials had already
exceeded their peak strength and had reached the neighborhood of residual
strength. From tests results of such materials from several lccations in the
Ohio River Division, it has been concluded that gouge materials in discon-
tinuities of the entire Ohio River Valley are presheared; therefore, it is
appropriate to consider residual strength parameters for evaluating sliding
stability of structure founded on such discontiruities. The shortfall of this
procedure is that if the clay-fillied joint is not daylighted or connected with
a low-angle fault downstream of the structure, the clay-filled joint may rot
be the potential failure plane. Therefore, in the opinion of some working
group members, it iy not appropriate to use residual strength parameters
unless the potential failure planes have been identified, through an investi-
gation, as clay seams which are daylighted or connected with some low-angle
fault downstrecam. In both cases of the failures (Uniontown and Cannelton)
reported by ORD, these failure planes existed.

Factor of Safety

12. Some members of the group felt that using the same factor of safety for
various kinds of materials is a shortfall iIn our present shear selection and
design process. Higher factors of safety should be used for rock, and compara-
tively lower factors of safetv should be used for soils., All members, how-
ever, did rot agree with this idea. The strength of a rock mass is usually
controlled by joints and their filling materials and thus a rock mass may be
less homogeneous than a soil. Hence it is not advisable to apply different
factors of satety to rock ard soil. All of the members agreed that acceptable
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factors of safety should be lowered (less than the currently acceptable value
of 2) if residual strength parameters are used in stability aralysis.

Discontinuities, Asperities and Loading Conditions

13. With the excepticr cof major new projects, the orientation of discontinui-
ties with respect to applied rorces, asrerities and their orientation in dis-
continvities are generally igrcored in the shear strength selection process.
Defining orientations of discontinuities and asperities is a very agefinite key
in establishing strength parameters feor design or evaluation of existing
structures. Shear paraneters selected disregarding the above factors are not
appropriate ior evaluatirg sliding stability.

14, The current practice of determining strength pararmeters by testing speci-
mens of intact rock for upper bound strength and testing saw-cut surfaces for
friction to deterrire lower bound strength is meaningless for the purpose or
evaluating sliding alonyg a discontinuity, It is obvious that at normal
stresses ranging frorm ' to 20 tsi {(stress range rormally encountered in the
foundations of Corps structures), the shear strergth of joints will he much
lower than the strength of unweathered intact rock forming the joint walls
(Corps upper bourd strengtli); on the other hand, the shear strength exhibited
by the tlat diamond cut surface of the rock (Cerps lower bound strength) will
be much lower thau the actua' strength of the joints featuring irregularities.
Therefore, stability analvses performed on the bhasis of these upper bound and
lower bound strengths have no relatior whatsoever with the actual stability of
the structure. The resuvlts of the analvses based on lower bound strength are
judged to be controilirg and, therelore, our evaluations underestinate the
stability of a structure against sliding. Most of the hvdraulic structure
instability prcblems in North Central Division are, in part, the resulte of
this shear strength selection procedure. Members trom ORD reported that
Uniontown and Cannelton Coffcrdams, which failed in sliding along weak clay
seams, were desigried on the basis of shear strength of intact rock.

Lack of Definition for ¢ at Salient Strain Values

I5. Many group menbers felt that there is a lack of criteria to adequately
define ultimate anrd residual strength parameters. Selecting these parameters
Lecomes subjective, because it depends upon the judgment of the person making
the determination. To eliminate the subjectivity, criteria should be estah-
iished for these parameters.

Deformability of Rock Mass

6. Present stability aralysis does unot provide infermatioun regarding move-
ments of structures in ilateral as well as vertical directiorn. Many group mem-
bers expressed their concern for a lack of information on this tvpe of movement
ard cited some examples where structures are starding intact but are inopera-
ble due tc¢ lateral movements. Therefore, thev felt that shear strength param-
eters are not the only material parameters needed to fullv analyze coucrete
structures on rock; deformability should aiso be given consideration. Lateral
movements of structures (esprecially of lockwalls) must he limited to a valuve
such that associated componeuts of the structures such as gates, valves, etc.,
remain operable and the structures remain functional.




Yxploration and Sampling

17. It was the general consensus o the vroup that Corps exploration and sam-
pling procedures on some projects are not satisifactory. In some cases., explo-
rations are supervised bv inexperienced personrel with little or no knewledge
of shear strength selection procedures. When the exploration work is con-
tracted, the situation generally bhecomes worse because of thke tendency to
avoid detailed investigation in seclecting samples for testing. Wher samples
are received by the testing laboratorv, there is generally nce way to verify
their appropriateness as to the depree of dJdisturbance and location aleng the
potential failure plane. Some members of the group who had occasions to
observe exploration operations, reperted that in scme cases, goupge materials
in discontinuities cobtained with drill core are cleuned orf before placiung
cores in core bhoxes. Thus, testing lahoratories receive core samples for
testing which are not representative of the actusl condition of the rochk mass.

18. Current practice includes obtaining Ny cores which arc only 2-1/¢ in. in
diameter. With such a sma:l-diameter specimen, it is not possible to liave a
sample which includes all the rock toint variubles contrelling the strength
parameters. Therefore, it is impossitle to determine ‘oint asperities and
essential to evaluate streupth paraiceters realisticallv. Merbers of the
group, especiclly from Ok, felt that ot deast 4= to 6-in.~dianeter cores
should be tested.

their effects on strength parameters using NN core samples. large sunples are

19, With our present swvster o! ohtainine samples T drilling (ferations, It
is not alwavs pessible to obtain ondisturbed samples of weak ceams. Gouge
materials are disturbed due to the spinning eftect o the Jdrilling operations
and the washiny action of the ariiling luid., Therefore, in actvality, we
test disturbed samples, and as such we obtaln ctreneth parameters which are
lower than the in situ values, Senetimes samples of verpe nmaterial can he
obtained with wire line or triple tube corine equipnent. With deeply buried
seams this equiprent is the best choice tor ehtainin: coupe material. o wgs
reported bv some menbers that when pouge moterials canpeot be recovered by
drilling, thev are prepared artiticially by wricdinge rock cores.  The strenyth
parameters ol gouge determined by this methed do not represent the strength of
actual gouge, but some members felt it provided a pood extimate of the natures
gouge strength.

Testing Procedures and their Shorttalls

20. Direct Shear Test. Various Jaboratory test methods and their advantages
and shortfalls were discussed in detail. 7The Dircet Shear Test, the nest com-
monlv used test, has the following shorctalls:

a. Vertical stresses are not unitorm!y distributed on the "ailure
surfdce. :

b. Pore pressure in clav-filled joint cannot be contro?led,

c. Variation in strength paramcters is ohtained for tlie same material
tested in different shear test dJevices.

d. Principal stresses are not known,
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~tress.  bad cappiry Introduces lateral restraints.
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Wt values thon those obtained from lakoratory tests.  However, this methoed
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shear strenygth pararveters; however, there is potential for using these
approaches for small projects where the high cost of testirg cannot be justi-
fied. Memhers of the group felt that it was worthwhile to ciscuss the merits
and shortfalls of these approaches and recommnend their validation by the
Corps. The Archambault-lLadarvi Approach needs Input from tests conducted onr
only ore or two specimens. Shear strength over a large range ol stress condi-
tions is extrapclated from data on a small number of tests. The shortfalls of
the method are that the tests conducted have to be in direct shear mode anc
conducted on large bhloucks. The Barton Approach is based on ‘ioint conditions
and classifications of walls of joints. The main shortfall of this appreach
is that the results are verv subjective, because there is a Jcot of judgment
involved in classifying joints. Two other factors, compressibiiity end dila-
tion angle, needed to evaiuate the strength parameters are difficult to deter-
mine., Despite the shortfalis, group menbers agreed to recommend validation of
this approach. In Barten's empirical appreach, shear strength is determined by
the following equation:

- -

265 + :b

S = JRC op g

where

i = shear strength of joint
~+ = normal stress acrcss joint
JRC = joint roughress coefticient varies ftrom 0 to 70
JCS = joint wall compressive strength
b = basic friction angle ot joint wall
‘r = friction angle of weathered jcints
+b = !r for weathered joint

Recemmendations

Process of Shear Strength Selection

27. Potential Mode o1 Failure. A detailed geologic wapping (:-howing joint
orientatiuns, dips, etc.,) of the foundation should precede obtaining test
samples for determination of shear strength parameters. Based cn geologic
mapping, appropriate potential failure planes should be determirnea. For this
purpose, approximate location and orientation of proposed structures (in the
case of new structure) must be known. For existing structures, onlv the
direction of loading needs to be known.

28. Pepresentative Samples. Samples for testing should be obtained from rthe
zones through which failure planes have the potential to develop. Appropriate
boring techniques should be used to retrieve undisturbed sarples of wedn
seams. Samples of 4-inch to 6-inck diameter are more appropriate than N\NX size
cores for determining shear strength parameters. Wheun exploration work is
done bv contract drillers, an experienced government geoiogist should be at
the site to oversee the exploration work and to make decisions related to
selection of test samples.

29. Parametric Studies. A sensitivity analvsis by varyving the values of
shear strength parameters, ¢ and ¢ or uring Barton's empirical approach and
varying the Joint Roughness Coefficient (JRC) should be performed before




embarking upon a detailed testing program. Ry performing a sensitivity
analvsis, one may be able to justifv conservative shear strength parameters,
and eliminate costlv testing programs in many instances.

30. Testing Program Required and Evaluation of Test Results. Based upon the
sersitivity studies, testing programs should be designed. If the sensitivity
studies indicate that the basic angle ol internal friction, ¢b, alone provides
an adequate factor of satety, 1t is rot necessary to conduct studies or
testing for asperities of clean foints. In normal conditions, tests should be
pertormed to determine the basic friction angle (¢b?}, residual friction angle
(sr), asperities angles (1) with r1espect tou external loads, friction angle of
gouge materials, etc.

31. <Selection of Design Shear Strength Parameters. Selection of design shear
strength is taced on the fullure criteria adopted. Consideration should be
given to selecting a factor of safety based on the strength parameters used.
Current industry practice considers peak strength as the failure criterion,
and the shear strength parameters corresponding to the peak strength are used
fer stability analvsis. For presheared material, however, the shear stress
deformation curves do not exhibit peak stress and failure criteria should be
determined bv censideraticn of deformation. Since there is a complete lack of
information in Corps manuals Vor determining failure criteria based on
deformaticr, the necescary research is recomrended to provide guidelines on
failure criteria based on deformation.

32. Progressive Failure Effects. Shear failure along discontinuities within
a

rock mass is often accomplished threugh progressive failure, by which the
maximum shear strength is not mebilized simultaneouslv along the entire
failure surface to a residual shear strengtlhi. Gouge-filled joints should be
investigated for such failure and tiue desigrers should be warned of this
effect.

32. Summary oi Recommended Research, Development ana Standardization.

a. Develop a classificaticn of joint: based on strength parameters.

b. Conduct research for the determination of eftective asperityv angles,
‘", and their orientation.

c. Conduct basic research lor chraining ¢r 1or weathered joints.

d. oStandardize testing procedures for determining shear strength parame-
ters 10r the concrete-rock interface.

e, Ostardardize special tests,
f. Standardize the Direct Shear Teet,
g. Standardize borehole index tests for thin soft seams.

h. Validate Barton's kmpirical Approach to determine the shear strength
ot discontinuities.

| 4h




i. Develop guidelines on failure criteria based orn presheared materials
and progressive failure conditions, or selection of a safety factor based on
the shear strength parameters used.




POUNTATTON EXPHORATION PROCEDURES
FOR OSTROCTURY STABILITY EVALUATION

Chalrmar:  Paul Hadala, WESGV-A (CGeophysics, Civil Engineering)
heverder:  James h. Warriner, WESGR-M (Geophysics, Rock Mechanics)

Merhore: Neal H. Godwin, Jr., SWDCO-0 (Civi) Engineering)
Brian Creeune, NCHED-DD (Geology)
tawson E. Jackson, Jr., SWhED-(¢ (Geology, Grouting)
Fohert John, ORPED=-G (Geclogv)
Todd Riddle, IMVFD=Go (Geolrgy)
Richard Wright, NANEN=DG (Ci- 11 Engineering)
Bebh Yost, ORHED=GG (Ceology)

Coals of the Working Group

I. The there of the Woerking Croup discussion was foundation exploration
procedures {or acquiring test samples and identifying weaknesses in the
foundation for evaluating the sliding and overturning stability of existing
conerete structures.  The goals of the Working Group were to:

a.  Sumnurize the precent procedures, listing reflerences.
dertify shrtfalis i the present preocedures.

¢, Pecommend potential eclutions te cvercome the identified shortfalls
with erphesis vn vesearch and development plans to address the

rrohlens,
Intrueduction

J. The there o this Working Group was chosen because of the acknowledged
cnportanrce of actual gecemechanical ernd geohvdrological conditions beneath (and
tehindY existing structures in the realistic determination ol structural
stakility and imprevement therecoi. Iustabilities mav be hypothesized and
soverents mav be ehserveo but, without actual examination of the rock-soil-
wdter svaters associated with the =uspected instability, the structural
helavior cannot be quantitied, the vepree of risk associated with structural
hehavior canunot be assessed, and the chosen rehabilitation techniques will not
necessarily he appropriate or eccnomical. The members of the Working Group
weire selected on the basis o1 their tamiliarity with geclogy as it affects
eryneered structures and their experience in the ditiiculties of performing
~ub-urtface exploration in intinate contact with major operating water-control
structures. A tvpical set o! circumstances has beer observed by all partici-
pauts,  First o1 all, there is the question of the realitv of the perceived
fnwtabilitye:  Is this decades-old structure in trouble or were the rules of
the evaluation merelv changed? 11 the former, then there is a subsurface
condition which can be targeted by exploration strategv; if the latter, then
the peclogint enpineer is exploring for a subtle or intangible end. Second
come the artificial, but very real, problems of imposed policies and regula-
ticus: What are we cilowed and what are we forbidden to do to locate the seat
of dinstabilite? Vill tle work be done in-house or by contract? What contract
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terms will obtain the data or samples we need? UWhy can't we dewater the Icck
sirce it is the only way to get a geologist on the floer? Next arise problems
exemplified by the frequent necessity of getting core drilling apparatus into
confined internal galleries. Finally there is the uncertainty, connon to all
geological exploration, as to sufficiency of effort. Though often controlled
by available funds and time, the geologist-engineer can never be entirelv
confident that he has recovered enough samples or logs to rullv characterize
geotechnical phenomena. Five core borings or fifty, the designer's rehabili-
tation scheme will be of little benefit if a single critically locate!l weak
seam is missed by the pattern of holes.

3. To attempt to counter the above-stated complexitiec and barriers, the
Working Group first discussed the goals set forth for its examination - their
pertinence, the sequence of their importance, and how they relate to the
subjects of other Working Groups. The methods and tools avaijlable for explora-
tion were listed along with discussions of their relative values and appro-~
priate applications. Procedures for planning and accomplishing explerations
directed towards obtaining data for stability evaluations and rehabilitatior
designs were examined in general and by reference to specific preiects within
the experience of the participants. Shortfalls in these outlined procedures
were specified as observed in specific past projects. Means by which the
observed shortfalls have been overcome were described by the individuals
involved and additional improvements in procedure were suggested. Areas of
optimum value and future research and development applied te geoexploration
within the REMR program were outlined. Finally, a statement reportin, the
Working Group's findings was prepared tor presentation to al? Workshop
participants.

Assessment of Working Group Geals

4. The goals of the Working Group were examined for pertinence, priority, and
relationship to other topics of the Workshop. Presentl: available gecexplora-
tion methods arplied to existing structures are essentiallv evtensions and
adaptations of the methods used in the predesign, design, and construction
phases of new projects. As such, they are described in a nurher of Frnpiveer-
ing Manuals and Technical Letters. Table 1 is a partial licting of applicable
manuals. Additionally, ASTM Standards, public technica! literature, and
private commercial vendors are all freely used within Corps FOA's in periorm-
ing geotechnical exploration programs associated with existing stru tnre
evaluations. Thus, examination of geoexploration procedures was acknrewledeod
as pertinent and having high prioritv. fiowever, given the ready acouess o
engineers to voluminous references and numerous specialty consultant servicee.
few shortfalls were identified in the applicaticn o:i current rethods o
geoexploration.

5. The Working Croup felt that we have the tools with which to ex;lore and
examine the area below and around existing structures. what we do not hove
in-house, we can hire. But, still there are difficuvlties when we trv to pet
information to perform stabilitv analyses and plan repairs or rehabijitatior
programs. Shortfalls in the actual accomplishment of geotechnical irvestiga-
tions for stability evalvation were identified as rrincipally nontechnical in
origin or nature. The consensus was that problems generally fell wvithin the
areas of administration, communications, and regulatorv cemplications.




"Shertralls," then, do exist, though not necessarily of a technical nature.

They are of nctable importance and are amenable to solutiorn.

General Aspects of Geotechnical Lxploration

6. In anv preject evaluation, the problem must he defined and then the
exploration program planned around that definition. Immediately, the Working
Group observed, a difficulty arises in ascertaining the realitv of a perceived
problem. If there is a degree o!f reality to perceived structural problems,
then there will he targets at which the exploration program car he aimed. 1f,
however, there are no observed evidences of structural divtress or if the
structure has never even heen loaded to analvesis case conditions in which the
analysis results predict failure, then the explicration program must be directed
toward diffuse and subtle targets ("ghosts" in the words of the Group). In

the former, a speciallv directed evploration pregram can be vsed (i.e., core
samples o! weak seams). In the latter, a more regional expleoration program is
required (i.e., the cove bheorings are more numercus and placed in idealized
patterns). In the colicctive experience of the Croup, the latter, broad-based
exploration cften produces »read spans of results - "tuzav" characterizations
ambiguous both in locatiern uin! parametric values. In the case ol the general-
ized exploration, the enginecer/peologist directing the exploration usually
feels called on te use experience and judpement, coupled with early results,

to define the critical zones or phenomena which place the structure's stability
in question.

/. Whatever is the ndture 0! the supposed critical zone eor phenomenon, the
foremost directive to both the exploration manaper and the structural anralvst
is to KNOW THE SITE GFCTOGY. Reports of prior irvestigations, whetlier from
Construction Reports, Pericdic Inspectich Reports or from nonspecitic geologic
studies, are the single most vgluable tvpes of guidance in planning explora-
tion pregrams. Experience and ingenuitsy dassist in lecating documented back-
ground information. On-site reconnaisvance i{s valuable in giving Jdefinition
tu geovexploration tarpets. it was pointed out that geologists and engineers
icok for anrd describe things pertinent to structures differentlv than was done
it the past. Fvidences of preexisting muss movements are now actively searched
tfor and related to both the structure and anv impounded recerveir or channel;
and the size scale of "believable" mass movements is much larger than in the
vears prior to Libbv and Vafont Dams. Rock jointe and shear zones are now
taken as real and critice, racets o: peology in terms of both mechanical
behavior aud hydraulic prepertics te.g., Malpasset and Welt Creek Dams).

&. The role of geophyvsicr was observed to be almost as uncertain as the
confidence placed in its results., Some Districts and Pivisions have essen-
tiaily no continuing capabilitv for anv geophvsica! investigations, either in
active use or in judging their applicabilityv or the valve of their results.
Other offices activelv direct in-house equiprent and specialist persconnel
toward all phases of exploration and still others remain cognizant of the
state of the art and f{reely engage contracted geophvsical services f{or complex
problems involving existing structures. The lower Missiscippi Vallev Divi-
sion (LMVD) routinely uses cvlectric logs as a strata correlative tool, even to
the point of placing herings solely tor loggire purposes. Caliper logs and
natural gamma radiation logs, coupled with the electric longs, have heen
applied by the Division for weak seam determination., The North Central
NDivision (NCD) and South Atlantic Division (SAD) have hired geoelectrical
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streaming potential survevs for watel scepage patih location arz subsurface
radar surveys for location of anciaious voids and soiid bodies.,  The XPD has
contracted for acoustic logping and cross-hole sersmic survevs to determine
the elastic properties of roui roundations and grouted rock masses. forps-
wide, there is no real unitorrmity o relisnce on rerphyvsicatly erived data.,
any more than there is on the ¢ppiicaticin o geop! fcud techniques. In sone
project cases geophysics is used ax an c¢ar!v vuide to directing later, more
detailed core campling exploration. I sone Cases geophyvsics is used midway
in a program to extend kiowledge ained rrom curly boreheles to uncorea areas.,

9. Core borings and sampile recovers meinods were described as being, in

practice, viriually standardized i accomplished by in-house drillers. The
expertise and equipment exists, it was leit, within the Corps to make holes
and recover samples from practicaily «nv project site. Problems and shori-

¥

talls do, however, arise at nearlv everv project it the {form of obstacles to
management and planning. There is & recurvent rade-o!{ between runds and
manpower avallable on one =ide andg the nunmber and depth and sizes of borings
believed required to adequately chcracierice the geoiogrohvdrologic condi-
tions. Always present, this Jdifficulty In optimiring resources available
versus effort required has become grester aia more restrictive in recent
vears. There are practical problen areas i the execution of drilling pro-
grams in existing structures, such as Jrilling rrom withidn tihe confines of
internal galleries or conductirg crilling during strecture operational use,
but lack of money and knowledgeable persopnel were scel as the greatest
obstacles to in-hcuse dritling:,

10. Contracted drilling and sample recovery oo v ins of byvpassitg personne’
constraints, but the actual proctice leaves ruceh :

r-.

P the orinions
of the participarts. Asstrances on “he cuallity o0 recovercd sannles are

difficult to obtain, especiuily I7 (he contract povner involves total teetl or
numbers of holes drilled. Tlere is seldom praciica: ’
geologist/engineer in charge of a contracted rili]
kind of qualitv control. This condition is i

the weakest characteristics and zones o rock are those most dlrely to he

critical to structural stability but are oire 0w rost citoicult o cample.

Tedoenrse

HEE IR I

eorore severe vothe fact o tiaof

It is Impossible to distinguish betweer veal, crit cal rones of weakness and
sloppy sanmpling techpiques when rie decis<ic: (s hamed =
lost ccere.

elv oo Tragreated orv

Applicatio

I In some circumstuances the number of Loles crilled or =amples rocovered is
based vpon the scatter and the values o ol oraters tesl data ron previous
studies. The geologist,/enuinieer i charye o6 ¢v7 vnaiic e hecores o
participant in the analvsis and Jesipn process v owan o cis oirect enperi-
ences Iin the pattern o recovered sawpics o Line depree o variahilite o7 the
targeted strata. His knowledpe of tie vceoiopy pives the perecr i charec o
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results and the data spread. Fov teasons ariciog both L the ofiices of the
structural analyvsts and at the tield of Tices, that gorect wonewledve and
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to a single average or extreme vaite !or 4 poraneler,
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S Complementary to the above point made in the whorking Croup discussions
was the statement that "the hest people for a particular job are usuva'lv back
in the office awav from the project and otten tied up with another jobh."
Whether justitied or nct, the ract obrerved is that the most e¢xperienced and
qualified peeople Tor interpreting veological ard encineering data ard solving
proeblems are too ocecuplied to provide substantial input to on-site plans and
decisions,

13, In situ tests were sornowledoed to alwave e hetter than laboratery
tests, if properly carried out. They provide elastic parameters, strengths,
and pore pressures.  Shear strength tests were stated to be the tvpe on which
the most time and mones were spent.  Put those test specimens arce of such
small size that onlv snaii-scate 1onyhiiess features are included in the test
results, The realictic scale »: Teatures to he tested shouid be much lirger

{arnd more expensive) ord, with that owledoo, tle bulk of

shedr test results
are igtored in rTavor of the lowe-t, or geariv the lowest, value found. This
procedure amounts to Tittle zore than o educated assunption, 't i< incon-
srucus, there:ore, tihi! numerics' rines Jor strvength, ete., dare otten

demanded by structur:i Lualvsts to o Jevel of precision not justified Ly

¢ither the Sourcew 0 the dat o thelr opplication,
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19. Problems arising from experienced Corps personnel being unavailatle for
project-specific problems were seen to be surmountable if the need for help
was expressed sufficiently. What is lacking is a form of directory (other
than in pecple's minds, as to what expertise does exist in the Corps
nationwide and where those individuals are on duty.

20. A number of suggestions were offered for dealing with "unmotivated
drillirg contractors." They include pavment by time spent rather than feet
drilled; payment for acceptable samples recovered rather than feet drilled;
assignment of experienced geotechnical personnel as Contracting Officer's
Representative rather than someone in a clerical position; and specifying in
the centract terms exactlv how manv and by what means samples are to be
recovered and preserved. A Corps-wide survev ¢! drilling contract larguage,
both good and bad, was scen as necessary and beneficial.

21. Rock cample handling was discussed to ascertain possible desirable
research. Knowledge of sample handlirng methods was tound to be as varied
among the participants =3 were the actual practices used ir their organi-
zations, Anr updated survey and evaluation of sample preservation and
transportation methods that have come about since the 1930's was felr to

be worthwhile. Softer le.g. Tertiary age sedimentary) rocks and discon-
tinuity sample handling requires criginal research and development.,
Semi-automated, thermally sealed plastic wrapping was suggested as an area of
study.

22, Tu order to bypass the problems inherent in sampling rough discontinu-
ities of large scale it was suggested that the discontinuities be charac-
terized in situ. A variation on creose~hole electromagnetic wave surveying was
sugpested in which the discentinuity was "doped" with injected metallic salt
solutions, thus providing a target for the electromagretic wave survev. The
proposal was acknewledped to have a high risk or failure *ut to offer the
potential ahility to "see' discootinvities in their totality hetween
horeholes.

23, Ceophvsical methods vere discusred at length, beginning with electric and
natural ganma logs. i there is geod prior intormation on the geology, then
we can definitely use the ygeophvsical lTogs with cenfidence early in the
exploration preogram to correlate strata and identify clav-rich (often weak)
zones. If there are no or poour records existing on the site geology, then the
logs should he used in every boriug, but onlv minimal relidance should bhe
placed on log interpretation in the earliest borings. Fxperience and geologic
irsipght must be developed at each site lLefore the logs can be used with
confidence. Standard seismic and electrical geophysical survevs plav little
part in structural evaluation; thev are simply not directed te the desired
teatures of rock masses. Cross—-bele seismic survevs, however, can provide
elastic parameter data it thev are required ror stabllitv analvsis,

24. Remote sensing ot geolopical features appears to tunction on too large a
scale to he applicable to existing structure reevalvations; but developments
by other ageancics ray arise.

25. Thermal surveys, whether of water bhodies or ground water or regional
infrared radiation patterns, offer wome promise in the future hut not yet.




26. A question arose during discussions as to using geophysical methods,
specifically acoustic ranging similar to sonar and analogous to radar, to find
and characterize the concrete-to-rock interface under existing structures.
Sowme participants reported observing veids at that interface, some reported
little cr no adhesion between rock and concrete, and all agreed the configura-
tion as-built never matched the design/construction records. Such an acoustic
rethod was agreed to offer potential benefits arising from its development.
The implications of possible voids or nonintimate contacts to both sliding
stability and to uplitt estimation were discussed.

27. A major and strongly desired action on the part of the REMR program was
the estaeblishment or adaptation of a data base of rock strength test results.
ihe data base would be similar to or part of the Computer—Aided Geotechnical
kngineering (CACE) system and be accessible nationwide. The goal would be for
a lecal engineer/peologist to be able to extract all test results for parti-
cular lithelogies or specific formations or from single localities that had
heen obtained in prior test programs. It was stated that even within the
centines o1 some Districts, there was no single scurce of prior rock
characterization Intformation.

Table 1
CFOGTECHNTCAL [NVESTIGATION GUIDANCE SOURCES

FM PII0-1-180 Geotechnical Investigation for Civil
Works and Military Construction

EM O1110-0-1908 Instrumentation of Farth and Rock Fill
Dams
Part 1 Ground-Water and Pore Pressure

Observations

Fart ! Earth-Movement and Pressure Measuring
Devices
Ex O TETO=2-180n Subsurface Investigations - Soils
MO LhTo-2-1007 Soil Sampling
EMOTIIO=1-1802 CGeophysical Exploration
EM 1110-2-1906 Laboratory So0ils Testing

Rock Testing Handbook
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Goals of the Working Group

J. Summarize the problers and shorttalls associated with determining the
driving and resisting forces on a concrete structure on a rock foundation.

2. Tdentify the shortfalle in the present procedures which are used in
evaluating the stability of existing concrete structures on rock ‘oundations.

3. Recommend pctential solutions with emphasis on research and develop-
ment activities tc cvercome the identified shortraiis. Field and model test-
ing as well as analytical analvses should be considered.

Introduction

4., The majority of the Corps of Epgineers (Ch) lock and dam structures
are 30 to 100 vears old and have shcwn ne signs of instability. Fowever, manv
of these structures do not meet present-dav stehility criteria when analvzed
by conventional stability analysis methods. Sore of these structures cven
have monoliths which have a calculated satety factor of less than one. Since
these monoliths have not faiied, it is cobvious that the calculated safetv
factor 1is incorrect. 1In addition, overturning analvsis of the¢ monoliths of
some structures yields results which indicate that the menoliths will cverturn
when subjected to loads of a magnitude that thev routirelv withstand. Calcu-
lating errors may be due to inadequate determination ot applied c¢r resisting
forces, inadequate selection ot analysis perameters, and/or the concepts used
in the stability analysis and evaluations being invalid.

5. The conventional stability analysis of an existing structure involves
making a number of assumptions with respect to forces, analvsis parameters,
stability analysis metheds, and evaluation criteria. Thesc assumptions need
to be studied and evaluated to make sure thut we are not overly conservative




in our assumptions and that our stability evaluation results are truly repre-
sentative of the in-place stability of existing concrete structures on rock.

6. The cost of strengthening & structure against slicing or overturning
is substantial. This expense, however, should not be a reason to change our
conventional stability aralysis procedures unless it can logically be shown
that the change is a better representation of the true in-place stability of a
structure. The general feelings of the Working Group were that our stability
procedures result in overconservatism and that we often spend dollars to
strengthen structures which have adequate stability.

Force Estimation

Introduction

7. There are both applied ard resistive forces which act on lock and dam
structures. Examples of aprlied forces are soil and water loads. Examples of
resistive forces are friction, cohesion, and strut forces which develop to
resist the applied loads.

€. 1t is not practical to measure the total forces acting on a struc-
ture; therefore, they are estimated. The present way of determining these
estimates for manv of the applied and resistive forces on existing structures
is crude because of restrictions and variables such as:

a. Limited sampling ard analysis of backfil! ard backfill pres-
sures and limited measurement of uplift pressures due to
limited funds.

b. Jnadequate methods for determining the existing backfill pres-
sures on lock structures.

C. lL.ack of instrumented data from existing locks and dams.
d. Nonhomogeneous backfiils.

e. Inadequate information on the construction of existing lock and
dams. For example, the as-built geometry may be in question,
and the backfill material and its compactior may not have been
docurented.

f. As-built drawings documenting the location of the concrete-rock
interface are vcually not available or are not accurate.

I Cores of the cnncrete structure and the rock foundation used
for determining material properties, weak seamns, location of
the concrete-rock interface, disparities, etc.,, are expensive
to obtain and at best give limited results about the three-
dimensional environment.

Backfill Pressures

9. The need for impraoved methods for determining the backfill pressures
on existing structures was discussed by the Working Croup. A variety of




backfill materials have been used at CE structures, and many are nonhomoge-
neous, which further complicates the problem. Cobble backfills are extremely
difficuvlt to sample and test and backfill pressures are largely unknown. The
determination of actual barck{ill pressure distribution on a structure is a
problem the Working Group felt should be addressed. Research should be con-
ducted on the effects of the shape of the landside lock wall monoliths on
backfill pressures.

10. Devices which heve been used to obtain scil pressures are: pressure-
meters, Marchetti dilatometer, Glcetzl cell, Cumkometer, and the lateral-
stress cone. The success of these devices is dependent on the type of so0il
and the experience and knowledge of the operator concerning the device and its
limitations. Additional research is needed on manv of these devices in various
tyvpes of backtfills.

11. The determination of backfiii pressures was discussed at the workshop
by G. W. Clough, and his paper entitled, "Comments on A Propcsed Investigation
of Lateral Farth Pressures Exerted by Backfills" included in this report.

Uplift

12. There are differences in the CE and the USBR apprcaches to accourt
for uplift on the base of lock and dam structures. The CF accounts for uplift
as a load, while the USBR accounts for uplift as a bhace reaction (pressure).

The USBR method of accounting for uplift s more conservative and uay be more
applicatle to high-head dams, while the CE method may te mcre applicable to
low-head dams. The Working Group concluded that much upliit data has heen

collected oun various concrete hydraulic structures and that this data cculd be
collected, put into a data base, analvzed, and thie results correlated with the
various assumptions used in analysis to draw conclusions akout the validity of
the assumptions.

13. There was some discussion or the effects of changing hvdraulic head
on uplift pressures and drainage svstem efficiency. It was felt that avail-
able piezometer instrumertation is sufficient tec make the necessary measure-
ments to determine the effect of changing heads, if the piezometers are
installed properly and in the right locations, There may even be enough
available vplift data, once collerted and analyzed, to drav some meaningful
conclusions cn the effects of changing hvdraulic head on uplift. Analvtical
studies should be performed to estimate drain effectiveness using well theorv
and the principles cof fluid mechanics.

14, It was pointed out that there is alsco a difference ir the wav the CE
and USBR account for uplift within the concrete sections of a hyvdraulic struc-
ture. The USBR assumes a hvdraulic gradient which starts at the upstrean
hydraulic head on the structure and travels through the structure ir &
straight line to the elevation of tailwater. The CF &ssumes a hydraulic gra-
dient which starts at an elevation of one-half of the upstieam hydraulic head
on the structure and travels through the structure in a straight line te the
elevation of tailwater. This was not cconsidered to be an item worthy of
additional research as uplift is not penerally considered to be a problem
within the concrete structure.
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'5. Analytical studies by finite element analysis can be periormed to
estirmate the tilting and crack development at a concrete structure-rock foun-
dation interface of a structure suspected to have a crack at the interface.
This analysis could then be compared to the results obtained by conventional
analysis of the same structure. If the conventional or finite element analy-
sis indicates that a crack could exist, then a borehole micrometer could be
installed and measurements taken under changing loads to see if the crack
reallv exists at the structure-foundation interface. A crack at the structure-
{oundation interface could change the uplift on the base of the structure.

Drains

16, Drainage svstems can be used to reduce uplift pressure on the hese of
a hydraulic structure. These systems can lose efficiency with time, however,
due to clogging, and some method is reeded to determine drainage svstem effi-
ciency and to determire wheu the system needs to be rehabilitated. There is
the additional need to know how drainage efficiercy is affected by changing
hydraulic head (discussed previouslv in paragraph [3).

17. Current CE policy is to treat the structure as if it does not have a
draivcage svstem when a crack is estimated to exist at the structure-foundation
interface and extend beyond the drain. Full! hydraulic head is assumed to act
or the base for the length of the crack. There was scne discussion on whether
this assumption was reasonable, and some members of the Wurking Group felt
that the drainage system would stil! reduce the uplift pressure and should be
considered in the stakility analvsis. Tt was felt that additional research
should be conducted to resolve this issue.

Stability ‘fralysis

“liding

1&. The CF uses the Limit Fquilibrium Method as outlined in ETL 1110-
2-256 for the sliding cralysis of concrete structures on rock. One concern
mentioned about this method was that 1t neglects the effect of strain compati-
bilitv. Many of the Working Group members ccnsidered this to be a serious
deficiency when evaluating projects with soil backfill, a rock foundation, and
a passive resistance svstem.

19, The various types of resistance (friction, cchesion, arnd passive)
which cause & structure to bhe stable do not develop at the same rate in rela-
ticn to the resultant applied load. An example ¢f how comparative resistance
rates nay develop is illustrated in Figure 1.

20. The maximum magnitude of cach of the varicus tvpes of resistance can
e computed in the conventioral manrer, but their dev2lopments, in relation to
each other, may vary in phase. This fs important because if the maximum of
each resistance does not develop at the same strain or resultant applied load,
it will never be possible tc have a total resistance equal to the sum of their
maximums. At the resultant applied load of H, in Figure 1, the total resis-
tarnce would not be the sum cf the maximums, but would be the sum of the spe-
cific resistances at H,. This could cause a sigrificuiit etfect on the cliding
satety factor as the applied loads increase.
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21 The I'SPR noes the Shear Friction Method for tie sliding avalvris o
its structures, while the Tennessece Vallev Authority (TUAY vres the Shear
Friction and the limit ¥quilibrium Methods. ‘There were proponents or bhoth
methods at the Workshop. Tt was unresolved as to whether additicunal resom
should be funded to develop an improved analytical method jor anajviite sl ld
ing stability or exactly what research should be undertakern. 1Tt was recoy
nized that the twe existing methods (Shear Friction ard Limit Feu oo ihriun
both have their deficiencies.

Overturning

22, For many vears, the adequacy of a structure fn overturning =tal0 0t
has heer evaiuatea Losed on where the resultant of applied lToads inter=eots
the base of the structure. it the resultart falls within the R0 te thind
che hase, the total base will he in compression, and the structure is sose
agaiust overturning. For certain 'cading conditions, the resnltant can
outside the middle third and the structure car stiil be judge’ as adeqgr te
For example, when "at-rest' earth pressures are used in ReTmz ) npes ot fer,
oxtreme maintenance, or maximum flcod loading coses, the resultant or appleed
ioads can :al) cutside the kern, but at least 75 percent ot the base mu=s te
in compression. For cperating conditions vith earthquake, the revvitant hoas
onlv te fall within the base, but the allowable foundation stresses shon'Dorot

e exceeded.,

23, Sliding analvsis uses cither developed forces (Lirit Fquilibyriunm
Method) or maximum forces {Shear Friction Method) in Jdeternining the ¢! 10l
safety factor. Problems can occur, however, if these same {creces ave used in
the analvsis ot overturning because some ol the passive resistance iorces
considered for sliding analysis may nct be capable ot fully developing in an
overturning situation., Further, the forces obtained 1:om the Limit Fguilib-
rium Method are hased on ascumptions and are noi the »cctual forces on the
structure. The sliding and overturning modes of behavior are coupled in
nature, and it would be best to analvze both modes ueing consistent torces.




ANALYS
T

S OF EXISTING STRUCTURES VERSUS
k

1
HE DESTCN OF NEW STRUCITURES

Introduction

24, The infcermation available for the evaluation of existing lock and dam
structures is significantly different from that available for the design of
new structures. The existing structure hias an operating history of structural
response to various case leoadings which in most cases gives clear implications
about the safety of the structure. Some would say that, if a structure has
operated witheut any signs of instability for 30 to 100 vears and has been
subjected te various leading conditions for which it was designed, then the
structure is stable and does not require strengthering.

25,  For an existing etructure, the overal! structurai performance during
varicus loadirg cenditious will bhe knewn; borings and written comments about
the as-huilt corditiens of the foundation may be available; construction tech-
niques rav he known; and the existence ot the structure will allow actual mate-
riai parameters for the structure to he obtained. However, this information
i usuailv limited ard stops short of what ¢ nceded, but it is still helpful.
it mere difricnlt ane enpernsive to coliect data on the foundation of an

et iy wtructure, e to Timited access, than to collect data on the site of
A TTeTNe e s tul e
' fhe Jdircerences fnothe analvais of existing structures versus the
deo T o mew cnee prowots o consideration of aderting o ditterent or new
tritede ctent the stebtitirw oriteria of existing structures, the monitoring

STttt veaponse oo ihe existing structure, and their niwintenance.

oo tte analvslo of existing structures should use practical concepts.
Peroewarpte s cobservative analve s can be used for oarn exioting structure,

ard, 10 it rers presenst-day oriterio, the

pense of additicral investi-

caticms pece caary Toroa lese corcervative analyeis is not needed,

fererar Lomments
SR The determination of arplied and resisting forces and the concepts
need irorte merhods o analyeis ard evaluation of the stebility of existing con-

ructnures or rock foundations sheuld be censidered trom ar overall view-
peint. The wvhole prebhlem must be considered when making changes to existing
cethodde of anatvsis because many interrelated factors contribute to the

overa il osarets f the structure. Care has to be exercised when changing one
Facte:r fnothe analveie because the structure is safe due to manv tacters and a

~

Cre-t e

consisteney o corvervatism must be maintaired without causing ar accumulation
gl afete factors which canvee the analysis to be excessivelv conservative.,

J900 Mapw problenms encounterced in stability analvsis are site-dependent,
and care shoeuid Te taken to delireate site-cdependent etlects and net change
tie criteria ac applied to all structures because c¢i an isolated problem. The
deterripation to deviate 1ron standard procedures for:  (a) obtaining forces,
(HY celecting aualyveis procedures, and (¢ determining evaluating concepts
should be based ¢ a ypood expleration and irstrumentation program which gives




the actual pressures, forces, and deflections at or near the structure as well
as material preperties and relationships.

30. An existing structure has the advantage of having an operating history.
1f the operating history ccvers a reasonable range of loading conditione ard
the structure has shewn no signs of instability, consideration should be givern
to factors not considered in the design of new structures but which contribute
strength to the stability of existing structures.

31. The existing locks and dams which do not meet present-dav stability
criteria are numerous, and in almost all cases their operating histories show
no stabilitv problems. This is not conclusive evidence that the structures
should not be strengthened in stability. However, it does strengly indicate
that many of these locks and dams are stable and that overconservatism exists
in the leoadings, stability parameters, stability enalysis, or stabiiity
criteria.

3.. The friction angle (¥) and cohesion (c¢) values used in stability
analysis should be obtained as realisticaily as possible. The upper and lower
bound values for (@) and (¢) shculd net be used unless thev are used in param-

eter studies to guide the stability evaluation,

223, Comparative studies, should always be made «n anv aspect of the sta-
bility analysis and on methods available for strengthening structures in
stability when existing structures are analvzed and strengthening reasures
considered. Computer programs deveioped by the CASE comrr ttee should be
helptul in performing erfiicient stability analysis.

34, In cases where structura!l geometrv ¢r loading is ursvmmetrical, a
three-dimensional (3-D) stability analysis may be necessary to obtain reiiable
results,

Recommendotions

35, The feasibility of meosuring backiill pressvres in various tvpes of
backfills should be studied and ar assessuent rade of available testing tech-
niques. Test programs for consideration are:

a. A limited test program using a high-pressure pressuremeler to
measure the backfill pressure for a cobble backfili. Consid-
eration should be given te how close measurements shovld be
made from the structure-backfill interface. Yo that compari-~
sers and evaluations can be made, the measurements should he
performed whevre other instrumentea pressure values have been
obtained.

b. A similar test program could he conducted using a pressuremeter
in a clay backtill to determine the variation of hackf{ill pres-
sures with distance !{rem the backiill-wall interface, These

results should be compared with stress cell data.

c. Arrays of Gloetzl cells «tculd be placed in the backfill belind
a structure to measure the changes in backfill prescures for a

lhl)
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range of loading conditions. An instrumentation system should
be used which is adequate to monitor these measurements over a
long pericd.

36. It is recognized that in order for a stepped or irregular shape
structure covered with backfill material to overturn, a shear plane must
develop through the backfill material. Resistive shear rorces develop along
this shear plare during structure tilting which resist overturrning, but they
are not considered in stability éralysis. TFor some structures, this could
mean that a significant resistive force is being ignored in the overturning
aralvsis. As assessment should be made of the influence of this force on
overturning stabilitv,

37. A parametric finite element study should be performed to determine
the Jcads on a structure with a soil backiill, rock foundation, and passive
rock eor soil resistance, and the results should be compared with the loads
obtained fron the limit equilibriur analysis as presented ir ETL 1110-2-256.
Strain compatibility should be considered in relation tc both analyses to
improve the understarding of the behavior of the structure and backfili and
what, if any, changes should be made in the present stability analysis.

38. Existing data should te collected from various organizaticns (TVA,
USRR, CE, etc.) on uplift measurements and other parameters needed in the
analysis of the uplift under the structures. These data should be loaded to a
data base, analvzed, and the results correlated with uplift pressures which
were or would have heen obtaired by the usuval design assumptions. Determi-
natiors should be made as to the validity of the CE and USFR approaches to
account fcr uplift on the base of lock and dam structures. Recommendations
should be made (oncerning hew uplift should be used in stability analysis.

39, A realistic model should be developed of a monolith of a lock or dam,
and a finite element analiysis performed to obtain the tilt anu base pressures.
A conventional stability analysis should be performed for the monolith and the
results ccempared with those from the finite element analvsis. Tt should also
be determined it conventicoral analysis gives a true representation of the like-
lihood of a crack existing at the upstream or loaded face of the structure-
foundation interfuce.

40. Experimental tests shculd be performed on a block structure, and
crack develcpuient should be measured at the structure-foundation interface
under loadings. Finite element arnd conventional stability analvses should be
performed for the test structure under the same lcadings, and the calculated
crackirg at the structure-foundation interface should be compared with the
experimental test results,

41. Experimental tests should be conducted te determine if it is feasible
to allow some tension due to bond at the structure-foundation interface. TVA
allows 15 psi ot tension at the structure-foundation inter{ace.

42, An existing lock or dam monolith shculd be instrumented during reha-
bilitation to determine if a crack really opens at the structure-tfoundation
interface under loading when conventional stabilityv aralysis indicates there
should be a crack.
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43, Drainage system efficiency should be evaluated under various cendi-
tions, and a theoretical model based on well theory and fluid mechanics should
be developed or validated. Rehabilitation techniques for drainage systems
should also be studied.

44, A study should be conducted to determine whether or not the sliding
safety factor should be constant or variable in relation to the various
applied and resisting forces. Strain compatibility should be considered in
this study. A realistic sliding analysis procedure should be developed using
variable safety factors for various applied and resisting forces.

45, A rational approach should be developed for the znalysis ot existing
structures which takes into account the additional intormation which is known
about the operating history, the site, and the loadings on the existing struc-
ture. This approach should provide uniform guidance on the forces to be used
in sliding and overturning analysis.

46. Laboratory tests should be conducted to determine hew much movement
can be tolerated for a concrete structure on a rock foundation without signif-
jcantly decreasing its resistance in stability. This may have an impact on
the use of stressed or unstressed anchors because the unstressed anchors must
have movement to develop resistive forces.

Summary
————————

47. Factors which may contribute to existing lcck and dam structures noct
meeting present-dayv stabilitv requirements are:

a. “nadequate consideration in the analveis of all the informaticn
hich is availabhle for existing structures including their
tcading history.

b. Inadequate determination of applied and resisting forces.

[ Iradequate selection of analysis parameters.

d. U'se of invalid concepts in the stability analysis and
evaluation.

48. These factors should be studied and recommendations made for changes

in the overall stability evaluation which will better define the in-place
stability of the existing structure.
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Godls ol the Working Group

1. Surrarize any present preocedures ane experiences for designing, imple-
menting, recording, and eraluating instrumentation !{or the purpose of evalu-
ating the stahility of existing concrete structures on rock. Include both
conitinuous wonitoring instrumentatior and specially decipned instrumentation
for fdentifving the level of satety ol exisnting corcrete structures.,

. Bdentiny the shortfalls i the present jrecedures ane adores: what trper
Goonenitoricey of existine cuncerete structures car lest oaid in o tho ostabiliue
evaluat Tor probijen,

dopatentiodl soluticons te overcome the [dentiried chortfal s, with

SED plans Cor addressing the problems and needs.
ntreduction

Lo dhe MR Workshep on MAssessing the Stebiility of Concrete Structures on
fon B srighe Jorth oan exchame of ideas 1rem leading experts in the area o

"lnetrerentation and Monitering Procedures, Fach Workshop group participant

sed to nrovide @ two-nawe essay describing his views as te what topics

he addiveased by REME, In order to present o oimple but ~caningiul

Sl ld
teport o the workshep proceedings, the e¢ssars oi the participants have heen
smarized i Table 1. Fran this tabulation, o consensus was established in

relation to three main tepics.  Thev are Instrumentation, Pata Collectien, and
Criteric and Standards, and ecach . discussed in the body or this report.

.o dhe Instrumentation Werking Group attempted to tocus upon the following

tenics:
¢. Summarizing present procedures and experience for designing, imple-

menting, recording, and evalnating instrumentation tor the purpose of
evaluating the stability of existing concrete structures.,
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b. Tdentifying the shortfalls in the present procedures and specitving
the different types of monitorirg svystems which best aid ir the stabiiice
evaluations.

c. Recommend potentiual solutions to overcome wvarious shortialls wit’
emphasis on research and development plans.

nstrumentation

Types of Measurements

6. For dams and their appurtenant structures, the main quantities reiasure!
are: (a) loads, ircluding both forces and pressures, (b)Y displacerents or
moverents, including both absolute and relative vilues, (¢) strains wiich  re
usually converted into stress values, (d; temperatures, (e) seejoase !low
rates, (f) vibrations {(i.e., acceleraticr=), incluaing seisric rotion.,

(g) acoustical emissions, and (b' roration.

Tvpes of Instrurents

7. Measurements are made hv mechanical, clectrical, (ptical, ord ooustival
methods. Sforne of the conmonly used "ustruments are: T torce rayes,

{b) pressure gages, (¢) extensometers, (d) tiiltoeters, ‘o' irclinoceters,
(f) pluml: lines, (p) scurveying (including eloectronic dirrarce=rmennn ing
devices), (h) strain gages, (1) stress gages, ~ Y lTineor v ol le Jivterertin!
transformers, (k) crack gages, (1) joint meters, o) tiertoretoers, fnv ther—

mocouples, (o) flowneters, (p) piezometers, and fq: ~cisrovranhs,

Instrument Installation

8. Alter World War i1, instrumenrtation became a puart ' Jdar Je-dioo . rariy in

this period, relatively little instrun -ntation was nelude’. A the need o1

more intormation became arparent, additicnal instivnentatic: oo adde i,

Adding instrumentation to an existiny structure 1: rove evieis ve Uhar 10 0t
Vo

is installed during the origiral construction and citeir does pei provide o
the desired infurmation or is lacking in sufficient accernrac,

Design Group Visibility

9. Uver the years, instrumentation desipn has becore more sephivticated.
Present practice is to include iInstrumentatior as o part o tie desiyn, hut
several] Workshop participants indicated that it is sti!i relepated to o sec-
cndarv role in the design process. lustrumentaticno shoeuld b considered an
integrai part of the design process and not added as a1 atterthouvht,

Reliability-Accuracy

10, One area of apparent deficiency in present-dua: instrunentation is that
construction/tirst loading and long-term safety and stability measuremcnts are
obtained from the same instruments. These two tunctions should be separated,
and the safety measurements: should be taken trem a wet of irstruments Jdeai-
cated solely to this purpose. On most of the concrete structures desivied or
operated by the Ccrps of kngineers, there sre two kinds of instruments,




namelv: (&) standard or common instruments such as plump lines and piezome-
ters, and (b) special or investigative instruments. Often, there is an over-
lap in these twe kinds of instrument svstems. The investigative instrument
package depends upon the nature of the problein under investigation; for exam-
ple: deflection versus cracking in the rock mass versus leakage. The Office,
Chier Engineers., U'S Armv currently has design guidelines (ER 1110-2-4300) and
recommendations tor various instruments which must he installed in all new
ConCrete structures,

iustrument Availabilircy

11. Manv new instrumerts are now available as & result of new research and
develcpmental eiforts bv various manuracturers. Keeping abreast of new
instru~entatior, including their availability and capabilities requires con-
siderable effort on the part o arv instrumentation design group. It is
recomrended that a catalogue, perhaps in the rorm of REMR notes, be produced
which identities the availabilicy, capahility, accuracy, and expected life of
presently avaiilable instrurentation. This catalogue would alse serve to
indicate areas wlete instrurnertation s lacking cor lias not beer developed cr

1

which irstruments currently loave limited performance.

Data Collection

Manue! versus Autconatic

N

1), hara collection, when dore manuallv, is subject te operator errors and/er
a lack ¢f srnill in reading the instruments. Thisg situation is especially true
for dam and lock nperation, hecause technicians are often not informed or lack
training in the signitficance of various data. An automatic data collection
program would do much to overceme manv of the problems resulting from the
manual collection of data,

Data Analvsis

13. Once the dacte are collected, most Workshop memhers agreed that the
analve is o7 the data is quite well handled by the various agencies. At most
irstallations, design personnel whoe were often members of the original design
teams are available {or the data analvsis. These personnel have the skill
necessary to find any anomalies or inconsistencies Ir the data. Vlenever
deviations occcur, the agency Is then prepared te take corrective action as
needed.

14, The TVA experience of a single agency designing, constructing, and
operating a darm permits a centinuity of personnel and ideas, which is clearly
advantageous over the situation of disjointed groups performing these func-
tions separately. TVA ard the US Army Corps of Engineers emphasis periodic
training for all their field personnel who collect data. Data are plotted and
documented on a continuing basis to look for adverse trends. A statistical
package should be developed which would automaticallv mornitor the output of
the safety measuring instruments at each concrete structure site and irdicate
potential problems well in advapnce of any crisis situvation,

I5. Similarlyv, Bureau of Reclamation engineers design the concrete dam and
the instrumentation package and monitor the structural behavior continuously
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tureuyh construction/tirst filling and well into operation., Thus, the desipn
criteria and other parameters mav be effectively evaluated.

Criteria and Standards

Consistent Criteria

I, A nearly unanimous agreenent was expressed by the Workshop memibers in the
need for cooperation and interaction between the existing agencics in order (o
produce a povernment-wide set of standards or guidelines. The purpose shou'c
be to replace the existing agency standards, which are in some Instances
contradictory, The design of an instrumentation package for each individua:
Jum is dependent upon the expertise of the design team and the importarce
rlaced on instrumentation., For some projects, the instrumentation i- well
planned and irtegrally constructed, while for other projects the i{ustrurenta-
tion takes on a secondary importance. A governmen'-wide grideline wonld he o
corsiderable help In this arca.

I7. Presently, the interpretation or hotl cperating and safety Jata 1s done
avainst the eviscing criteria.  The =tandards tor Jifferent arerncies are in
sume Instorces contracictore,  Yome of the standards have heen moditired sincoe

I desizt caleulations.  Theretfore, thero are a signiticant nurber

e o i

:
o dars which deonot reet present satety stardards, prinarily ter tie upliicst-

Poree critorion., TR o thewe dams b

Ve been reengineered and roditied to
ler :

bring them into <oty compliaree, while ot s have net.

Pety driteria

So L Neveral ot the Woreelop renbers tolt othat the various agencies probablv

Low hove eneneh hiistevical data oor o uplitt-ierces so that o Jesign standard

con i e deve lopeld, Doty vere aceconplisned, thev also expresseg optinisn
that oo o e e v et reot existing stabilite standards in this

sres conid meet the new, more comprehensive standards.  For the Tew remaining
whrich woen i net meet the pew standnrds, a signiificant reenyineering

crtaken in order to bring them into strict stability

\

P, Most oai the rack or ostability compliance In concrete structures todav
resusts ram o the tpritt torce caleulations,  However, another significant area
St ety concern, where there T Tittle intormation available, s in the arec
croceological wiippare in shale and clav searms.

Yoot s recormended that the field instrumentotion data be compared with

tie hovic porameters and assumptiens used in the Jdesian stoges of the profect.
fhe Jdata shenld be used to verity whetlier the structure behaves as desipned.
e serious shorttall fe the lack of reliable instruments that can accurately
tenasnre exnisting stresces within soil, rock, and concrete. Methods used
urrent v provide variable results and are sonewvhat uvnreliable.

[END




Cooo Mo dirterent rvpes of dinstruments are current's used for conorete
SOt e, odine v (a) force gages, (07 pressure pages, (¢) cntensometers,

A oriioreters, el anclinemeters, (Y plumh lines, (g) survey fistruments,

b train gardna, (1) stress gages, (1) linear varciable differential trane -
PoTre e, Rt Cracy eapes, (1Y folnt metoers, (m) thermonmeters, (L therno-
couptea, o tlowreters, (p)oplezometers. (y) scismographs.

. Vosl 0 tirene measurencnts are made by mechanica’, electrical, oprioa

srdavon s tioal methiods,

. i best to properly design an instrumentation pacsace Gl i taan it
Jurive the crisingl construction,  Instrumentat ion desive oroup . Shous) Do
clevited o stature and visibiiity to a Jevel equal to othery desicn provy.,
any Instrurents cannot be retrotiteed (e, plunto Tinest o dinte o erioting

Lructures.,

Lo dnstiumments are otftern called upen to work i oo "ot ile e e o
ditesg the entire Jire of the concrete structures.  Additioral o reccar i

Svencd o the relsability, maintainabhitity and goonracs oor these ot oo

estal lation o rnstrumentaticn is o Kev area.s Improper oinstaliat fon g
cucte pertectly pood (nstruments.

LTt s recorvended that RENR notes Pe produced oo il bl toe vl

abiliee, sl capabi ity of currert !y o cuistine frs bt

tw The curvert trend {s toe instali avteratic ot collect i svsters
witteh the data are analveed by skilled tedtoicions oid 'or vneitcers, t
reconrended that o statistics] computer pocaage e ooveloped woooin ol oo
wtivally ronftor the output of satets neasuric e Instrurer s aog 1 oreon U
P tential orisis situation,

ST dbere ds e need tor interaction betweern the varicvs agencice. 0oorder
prodoce o evevernnent-wide set o Ltandaras.  The erxictiny avence-ntardarde oo
T sere instanves contradictorve  fmeryency procedures shou’ D b corsat

SSL Adeate tield data onoupliit torces nov o enists woich contd Beoo el

a vevernment-wide Jde-ipr standard should he developed.

e, Nondestructive tecting of actual structures to deters ne Che actua!
tactoras o satety should te investivoeted tor feasibility o d cost

viiedtiveress,
Sumrrary

0. This report briefiy describes the idear o) experience gained b engi-
neers working with instrunertation svstems as used ot various 1S : ;
ngineers. I'" Bureau or Reclamatior, and Tennessee Vallev Authority profects,
end various existing structures on reck in Furope., The shertlalls of the
instrumentation svstems, persounel requirerents and contradiction in coisting
criteria and/or standards have been identified and set ot specitic corel

and recomnendations bave been made.

Yoo




PROCEDURES FOR SFLECTING AND DESIGNING
SYSTEMS TO IMPROVE STABJLITY

CHAIRMAN: Lucian Guthrie, DAEN-ECE-D
RECORDER: William McCleese, WESSC-A

MEMBERS: Thurman Gaddie, ORDED-T
Ralph Strom, NPDEN-TE
Sam Doak, NCRFD
Vic Agostinelli, LMVD
Anton Krysa, CRPED-DM
M. K. Lee, DAEN-ECE-D

Goals of the Working Croup

1. Summarize the present procedures and technigues including methods of
analysis, for strengthening the stability ol existing cencrete strurtures on
rock.

2. Identify the shorttfalls in the present procedures and techniques.

3. Recommend potential solutions to overcore the identitied shortfalls, with
emphasis on R&D plans for addressing the probiens.

Intreduction

4, Recent reevaluations of several aging Corps structures have indicated that
some c¢f them do not meet current desigr criteria tor stability. For those
structures which are believed to be truly deficient in stability, the choices
are (a) to add additicnal stability te the structure by adding additiora!
resistance to sliding ard/or overturning or fh) decrease the loads applied to
the structure.

5. Adding additional resistant forces to a structure is generally an expen-
sive prcposition and consequertly it is important to choose an efticient
method. Methods identified tor discussion by the group were:

a. Rock anchors (active and passive).
b. Backfil! archorage systems.
c. Addition of passive resistance.

1. Temporary and permanent struts between lockwalis.
2. Anchored reaction blocks (concrete or rock).

3. Monolith joint keys.

4. Underpinning.

6. One method that can sometimes be used to decrease the loads applied to a
structure is to operate it below its original design capacity. For nost Corps
structures, however, this is impractical and it was nct an item for discus-
sion. Methods for decreasing driving and overturning forces that were
identified for discussion were:
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4. ottt reduction (cutoffs, drainage systems).
b. FReduction of bhackfill pressures.
1. Rermoval of bacxkrill.
O, Keplacement of backfill with engineered backfill.

3, Reduction of saturation levels,

¢. Methods to finit or Prevent Fxcessive External loads (i.e., impact,
ice loading, meoring line leads, and buildup of silt).

Adding Additional Resistance

7. Nethods tor addine additional resistance te sliding and/or overturning
were discussed first v the group and consequertly received a fair amcunt of
attention.,  The first method discussed was rock anchors,

Roce Anchors

8. Rock anchors can be classified as ecither active or passive. Active is a
tern. used for rocx archors that are stressed when they are irstalled ir a
strvecture toe odd additicora) resistive forces to the structure. Passive is a
term used te indicate that ne stress ix added to the anchor when it is
nctelied, Consequent i, possive anchors add no load to the structure until
the structure starts to move which then stresses the anchors. Tables 1 and 2
list the advantaves and disadvantages of active rock anchors and passive rock

archors, respectivelvy.

Y. A considerahle ameunt of time was devoted to the discussion of rock anchors
to include shortralls ard research and dJdevelopment needs. Rock anchors are

the most common nethod of adding additional resistance forces to a structure
and have been used on several occasions by the Corps (e.g., John Day Lock and
Dam, Alum Creek Dam, Tock Noo 3 on Monongahela River, Elmswerth lock, and
Montpormery lock),  The disadvantages listed in Tables 1 and 2 also cover the
short!rells identilied tor rock anchor svstems. Not all of these shortfalls,
however, dre iters which con henetit rrom research and develeopment. A total

of six research and Jevelopment needs related to rock anchors were identified
and prioriticec,

10, The first priovity research need was a study of the tension and shear fric-
tion forces that build up irn passive anchors (larpe and small) as the struc-
tures bepine to move. The amount of movement that must take place in a passive
anchored structure before the anchors are fullv loaded is of concern. The con-
cern is that encugh meverent mipht take place te allow a separation or crack

to develop between the concrete structure and the foundation at the structure-
toundation inter“ace which is shown not to be in compression bv the overturn-
ing analvsis. This evack would allow uplift pressures on the structure
equivalent to the tull hvdrostatic head. 1In addition, the limit on separation

that wiil assure a shear-triction type of failure is of concern.

a. The use of vertical passive anchors in accordance with ACI shear-
‘riction methods is of concern because the separacvion required to develop the
clamping force mav be toe large, in which case the failure would occur bv
either bending ard shear in the anchot or bv crushing of the foundation rock
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ACTIVE

Advantages

on the
therce
in the analvsis

1. Purs active jorce
structure and, theretore,

uncertainty

an

e

than ror passive anchors.,

2. Puts

compressiocn.,

structure foundation in

3.

reduces moverient o

stirncture,

i

S Faeh anchor IS tested o 0t ds
nstaiaed.
.. Yewer anchors requires than i

}“(fs.\‘l".'v arebors were used.

(Passive anchors are urns ! e oo
lower capacit: Y,

6. Adds noroal lead to =lear plane
without moverent ot structure.,

7. Kequires a
contractor.,

speciality

8., Cables dre evasier te work witt
than long bars.
9. Usually more ecopomical than

passive cnebors tor lorge

structures,

1

TARLH

ROCK

I

ANUHORS

Disagvartages

Y. High=strenyth steels used
1

(a

suysceptiblie to corro-ion

sensitive to hvdreven vas venerated
b osome grovts o,
Lo Mav cause Do ~toern o oreep i

fourdation matevial,

L. Appiles large corcentrated
Peads In structure and feundat ion,
‘. Foy vere targe anchors,

cdvriiiesit o Slress culie 1‘\'(‘!’1.1,“

could ocour,

o U e omore Ul consuring
to fonstod !l than pass pve anchor
b, Regquires speciar anciher head
and more inspection than passive
A hor s,

. Fequires u specialty

cont:actor,

§.  requires vocd access toe auchor
head Looapple Toad,

Y. More erpertise is pequired v
the $ictd tor both censtructio:
amd inspect fon,

K Taore



TASIF
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PASSIVE KOCK ANCHORS

Advantages

Misadvantages

1. An anchorage head is usvally rot
required as with active anchors.

2. Does not add stresses to the
structure or foundation until the
structure begins to move.

3. less expertise is required to
instal!l and inspect.

/.

4, Usually more ecorcrmical thar

active anchors for small

structures.,

5. Can bte instal’ed ir area< where
insuftficient access is availoable to
load active anchors,

6. Sequence ¢f installation or the
anchors required is o1 ne concern
since no lead i« being applied to
the structure.

7. Corrosion of the anchors s

less cf a problem than with active
anchors.

8. Easier to install underwater.

1. Kequires scme movement of the
structure for loads to develop in
the anchors.

2. FEffect of passive anchor svstem
on uplift torces cr the structure is
uncertain.

3. A larger number ot passive
anchors are usually required than
active anchors. Corsequently more
holes in the structure and
fcurdation are required which can
cause a presplitting condition.
L.%  Vertical passive archor's
eilectivenese for sliding resistance
is unrcertain.

5. More uncertainty in analvsis of
passive anchors than active anchors.

.o There is mere limited applica-
tion of passive anchors than active
anchors.,

is not

.. Fach pascive anchel

tested as it is installed.

*

Some guidance is available from the American Concrete Institute (ACI).




and/or concrete surrounding the anchor. A failure by shear through the
asperities of the rock-concrete interface is necessary if the shear resis-
tance, as determined by the shear-friction method, is to be valid.

b. The separation at the rock-concrete interface is a function of anchor
development length, anchor strength, and modulus of elasticity. (See Fig-
ure ). Assuming the full vield capacity of the anchors are developed ard
load is uniformly transferred by bond to the rock and concrete, then the
separation (.s) of the rock-concrete interface will be:

_ (Ide + 1dr)
E 2

where ldc and !dr are the developrent lengths of the anchors in concrete and
rock, respectively.

¢. The development lengths are a function of the strength of the rock
end concrete, the anchor size and anchor strength. Assuming for illustration
purposes the concrete and rock strengths are ecqual (compressive strength =
3,000 psi), the development length according to ACI! for & Nc. 4 bar, grade 60
would be:

Q\‘é AN

Anchors — —1

YA

Figure 1




= 0,04 1,200 (A0,000) = 9 inches

\f&ﬂOO

and for a No, I8 bhar, grade 6U:

=011 (QQ,”OU) = 120 inches

o

and the separation 77sY for the Ne. 4 bar wonld Le 60(9),/26¢,000 or N,020 inch

and for the No. 18 bar, 6001200, <0000 ¢r 0,25 inch.

¢.  Although the asperiticvs of the rock-concrete ‘nterface mev dccomno-
date o C.02-inch separaticn, ey mav not accommodate a J4-inch separation,
Also, with lower strength rock or concrete and with larger anchors and higher

strength nteels the separatior could be wruch greater thon 1'4-inch.

', The second priority research necd was to determine how much rovement can
pe tolerated feor a concrete structure on rock.,  Thiv informaticen would be
extrerme!yv helptul in the selection and desipgn ot rocx anchor svatern.  The
moverent due to temperofture changes must he corcsidered and distinguished {rom
moverent Jue to external loads.,

1. An evaluation of the corresion rate of reinforcing bars verses reintotoe-
ing strands versus reinioercing vires was the third priority research need.
The research sheuld deteriine which naterial has the best corrosion resistorce
for bhotn -}

hole-<
investirated., For exumple, there = evidence that indicates hole-11!ling

active and passive anchor appiication.  The influence of the

iiling material on tie corresion rate of the anchers should alse he

grouts which penerate hedrogen Qas nupen arixine and placing ~ubstantialis
ircrease the cerveosior rate o reinfeorcing dars (e.p., 01d Rive: Control
Auxiliary Structure?,

13. The remaining thicve rescarch needs were not ranxked tor their relative
priority but were all corsidered ur lepitimate needs. They are as follows:

“.oAr dnvestipation of the effect of strain compatibility between
anchorage components (steel, hole-tilling material, and concrete or rock) on
the efectiveness of the ancher aud the loading of the anclhior with moverent of
the structure,

Foo Developmert of guidelines tor locating the ends of anchors {(depth oY
anchor) to prevent craching ot the foundation.

v bse of a borchole micremeter®* to evaluate current strain conditions
At oa structure feoundation interface and to serve as a tool for monitorirg
onchor svatems eltect iveness,

*  The horebole microreter is an instrument that can he used to measure strain
with time and/or loadings at several ipcrement {stations) within a borehole.

The device is described in Dr. Kovari's paper earlicer in this report.
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— ——
backtill Anchorage Systems

14, Backtill anchorage svsters ore used 1o chor o strnotoere oo frot e
overturning and sliding torce: produoced b backt it o the Lornctor e,

example of where these svotors conld be vaed Do tho Tarde e '

tion lock where backt il mater ia! has beer added avalrsd e waoi, & o=torid!

ity assessment of the landside wall wow fodicate That 1t wocs Dot prssess
desired facter ¢ satety wher the water lovel dnsice the Tock v dmn o

when mooring line leads are added to the wall.  ror such o cose o Taee D00

anchorage svstem mav he appropricte.  Aveilobice gnidan.e
anchors and deadmen was olt to he suviicient and 1o rescatcl cods bol

identitied for bockit!l anchoraze =vetor:..

Other Methods ot Adding Resistance

15. Under this topic the tirst method ciscusscd vaos the o o itoon HFERAE
and/or perranent strucs betweer the ok walio o o ovovic s len

rary struts are sometites bsed to Droce the ool owolla dnrisn Jewte .
the lack tor repair or reliachilitotion,  The stiuts wonao 1 be i bood s o
rated bv the inwere movement ot the wille wheo water 7 rer o ored S yer Ui
chamber. Permatent struts ove sometimes instolled AU L A AT
walls to prevent s:iding of the Jocn walis or tieinr o tien Ve Tl
guidarce tor the aesipgr 0f these Slrnte considered st rie e T
rescarch needs wvere fdentiired.

1o, Anchbered reaction blocks werte Gi-cvissco as o et od o addies e

resistance to o structure,  Anchored reaction Dlool e s bewn reoosmnd o

some time as an alternotive to roc aChors IRET I ! .
strocture on the boundation,  Sove o0 the e Copls b Teactoo
blocks mav increase the stabicity tor overtarsine o well gy s Phiinge . Ad0
tivnal research on reaction hloch- ard wariovs desion oo TR

to determine i1 thevy ave ecvremival ™ cowpetitore with roch chiors Cor el

additicual stabil t to o structiee.

S Shear vRevs nothe Joints Tetween s o liths 0 0 s trnctaye o0 e nse
add .\ldl\ilit} Lo Wedk monclith Loevatod Boetweer ton e Stad e mene it
The stabijity ot these ronel it can be anoer e T onnin s ooy g g o0
rinlic clement coalvsis metinasy  An fderl oricd Loocarel tod w1 ot
the best method for aralvoing the stohilote o mons Do e vty
the monolith joint:.

18, Toderpinnineg was brier v discvssed s 0 poe 00 o oot ST e

resistarce to a structure but fte pplicaticey (o e iv i O S T R I

considered to he very Tieitede Noorescoorch wos recomnner Jod o r e e
svstens,

Tecrens iy e Coore
9. The methods Jdiscussed thu Gr o lgve oYt Loy s s e i

tant forces to the structuro,  Stab it oo 0o e i e et e
decreasing the driving and overturning forcen.  Coe oo Lo Jrivite oo
overturning forces which can somet lnes Do tedvoe {0 i,




Cplirt Reduction
S0 Several question: were raised concerning vplift pressures and their
mensunrerent and the main concerns are listed below.

AL U we accurately extrapolate the nmeasured uplirt pressurce beneath a
sirncture tor one pool efevation to the uplift pressnre that will exist at a2
bigher pocl elevationt
ho Lo our current techniques give us a true value tor draincpe svstem

citevtiveness ]

¢ Do we have and should we have confidence in our instruments and

Seastrelicnts ol upiitt pressures?

d.ooAre we overls conservative in assuming 100 percent uplift on o

crocied area (arva of zere foundation pressure) hetween the structure and

¢.oo How sbhould we consider uplift in our stability anaiveis?  (The Corps
consciders uplift as @ point lead and the Bureau of Reclamation ccusiders
UDTIE Cs q ostress:,
ar WU needs were fdentiiied to address these concerns.  Thev are
Patea Toelow din opricr ity order.

ctermine wiether o crack opens at the structure-foundation interface
]

e ioevaluation charpes and the stability enalvsis indicates that o
portion of the hase on the pool side goes to zero foundation pressure. It was

>

supeer ted that the borehole nicrometer might be the appropriate instrument :or

this Jetermination.

Booocolleot existing data on measured uplift pressures at existing proj-
euts tazmer ot difrerent times and with different pool elevations. The data
e dd Be o oput ointe a data base to facilitate storage and analvsis. Analvsis
Tetbods of tie Corps and other agencies should be used on the date with a peal

U lrnreving or verifving existing methods.

o Cenduct elastic analysis on a structure with a crack at the
structure-toundation interlace to determine how this analvsis compares to the
roditior sl rigid body analvsie,

<. letermine the number o holes and instruments required to get an
pivture op the nplift pressures on the feundaticn o: a structure.
; ‘e pridance on the location of the holes and the depth at which
nrecsnt o ob uplint pressure should be taken.,

ctokockf il Pressures

pressures can add substantially to the loads on structures such

coleation Jockwalls and retaining walls. [n some cases it mav be
¢ reduce the hackfill pressure on these structures than to

t withstand the existing pressures. Recearch and development

e sollows:




a. Determine the effectiveness of a compressive laver (e.g., foam)
between the backfill and structure which would allow some movement of the
backfill to occur without adding additional load tc the structure.

b. When replacing the backfill with another material is an coption,
determine hew far back from the structure the backfill must be replaced.

c. Develop and provide guidance on the options for engineered Lackfills
(e.g., reinforced earth and drain backfills).

Methods to Limit or Prevent Excessive External lLoads

23. This was the last item discussed by the group anc unfortunately, the

limited time remaining for the group to meet prevented a thorough review and
discussicn. However, it was agreed than an cverview of current practices to
reduce impact, ice, and mooring line loads and determine the significance of
these loads with respect to the stabtility of a structure would be worthwhile.

Summary

24. During the 1-1/2 days in which the group met, many shortialls and R&D
needs were identified relating te the selectior and design of systems to
improve stability. Fxcellent discussious were held with all group members
participating. The findings and conclusions were presented by Mr. Lucian
Guthrie, Chairman ¢f the group, to all participants of the workshocp.
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REVIEW OF METHODS OF ANAIYZING THE STARITITY OF

CONCRETE STRUCTURES ON ROCK FOUNDATIONS

1.0 1Introduction

1.1 Purpose. The large numbers o! aging lock zrd dam facilities and the
present emphasis on upgrading the nation's intrastructure has spurred interest
in the evaluation of these hvdraulic structures. A typical example of an
existing structure which has been recently evaluated in Trov Teck and Dam
located on the Hudscu Kiver at Trov, New York (Ref. 1). The lock and dam were
constructed in 1916 and are concrete gravity structures founded or a slaty
shale bedrock. The geometrv of the lock and dam moncliths was considered
representative and illustratiocns oi the geometryv have been used thrcughout this
report. The evaluation by the Corps o! Engineers (CE) of the stability of
structures similar to Troyv lock and Dap has been based on various methods of
analysis over the years. The purpoce of this repert is to precent a review of
the state-ol-the-art methods of stebility aralvsis of concrete hydraulic
structures on rock foundeations.

1.2 Scope. The scope ol this report includes a review of methods used
to analyze stability of concrete structures on rock currentlv uvced by the CE
and other design proiessionals ir private industrv. Au examination of the
evolution of the historical Shear Friction Methcd to the current Limit Equi-
Iibrium Method is provided as well &s a discussion on Finite klement Methods
for evalvating stability.

This report addresses the various failure mechanisms associated with
sliding failures, & parametric study, and recommends methods fer determining

values for the various strength parameters necessarv for analysis.

2.0 Review ot $liding Aralysis Methods

2.1 Hennv's Method. A rational ¢liding aralvsis methed was presented in

a paper by Henny (1924) (Ref. 2). The slidirg factor as defined bv Hennv is
the ratio of the total driving forces divided by the weight of the masonry
above the assumed sliding plane less the uplift forces on the gliding base.
The factor ot safety as defined by this analysis was expressed as the total
shear-resisting strength acting on the tailure plare divided by the water
loadings on the prciected area of the structure. The total shearing resis-

tance was defined by the Coulomb equation, where the uplift forces under the
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ctructure were considered [n reduciny the total eflfective weight of the struc-
ture on the railure planc.

2.2 Shear Friction. The CF Chear Friction Method of aralysis (Kef. 3)

evolved Jrom Hennv's nethod ance Las been used until very recently by the CE
for the analvsis und review of gll concrete hydraulic structures founded on
rock. This methoa dssumes that at~rest earch pressures act against lockwall
structures bachfilled with soil, and that the modulus of the rock is suffi-
cientlv high so that no vielding o the wall occurs that would cause a
reduction in earvth pressure., The methud further assumes that the only
strength-re’ated resistance to sliding generally occure at the interface of
the concvete and bhedrock. Tvpically used strengths are the intact strength
bhetweern the concrete and rock or the strength of the rock., The factor of
satety s expressged as the ratic of the maximum horizontal driving force which
can he resisted by the critically potential failure plane passing beneath the
structure pius the maximum passive resistance of any rock wedge at the toe,
Jivided b the sum of the horizonte! lvads applied to the structure (see
Plate 1Y, A iactor of safety of 4 is required for the normal leacding
conditions,

Al apperent inconsistency in the Shear friction Method of analysis is
*hat the ariving torces ave considered as earth pressures at-rest for a back-
il %ed wall, but resistirg pressures at the toe are taken as passive pressures
in corputing the tactor of safetr. That is, the shear strength ot the toe
re~istance is coreidered in determining the factor ot safety, but shear
strergth of the backtiill i not.

The success of the Shear rrictior Method ie probably related to the use
of the high facter ol satety ot « because frequently the methods of explora-
tion were crude compared to todav's standards. bven more impertantly, testing
did not alwavs take intc account the reduced strength on reck discontinuities.

Y03 Limit Fouilibrium. The Limit Equilibrium Method has been recently

developed and its use is described in Freineering Technical Letter 1110-2-2%
(ETL 25€) (Ref. 4), cated 193}, 7This method is very similar to the Limit
Fquilibrium Method veed In the geotechnical stability manuals for earth-fill
ard rock-fili dams (EM [710-2-1902) (Ref. 5). The analysis method cuts the
structure, forming a tree-body structural wedge for the analysis of stability.

anoactive wedge of driving forces and a passive wedge of resisting forces com-

piete the method., All ecil- or rock-related strength terms are identified in
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the free bodies and are reduced by a uniform factor of satety sufficicnt to
place the structural wedge in equilibrium (Plate )., Yormally, the equilitriur
assumptions are based on the sumretion of the horizontal and wertica. iorces
only, and the moment equiiibrium is nct considered. This nmethed allows the
designer to consider the shear strength of the soil backfill placed hehind
landside lockwalls, as well as the shear strength of &r embedded toe where
passive resistance may be acquired. However, the decigner should realize thut
the lateral forces computed by the equilibrium methed trom a slidirg stability
analysis are nct good estimates of the actual laterz! forces en the wali in
most cases., When this method is used for earth and rock-‘3]1 dame, generallv
factors of safety of abcut 1.5 are considered acceptable. LTI 256, however,
requires factors of safety of 2 for most normal! lecading conditions.

The Limit Equilibrium Method does not consider the efiects ¢f strain com-
patibility, i.e., where soil back:rill behind the lockwall mwav have a verv Jow
modulus ccmpared to that of the reck fcundation. Consequently, actual pres-
sures by the soil may be higher or lower than those computed Ir the analreis.
This analysis method is not intended for meking an accurate estirste of the
actusl] distribution of strecsces.

Where it is important to determine the actnal states of stress, c¢r vhere
it is important to determine the magnitude of actusl deflections, some type of
elastic aralysis is required. That is, computing the tactcr of safet: hased
on the limit equilibrium method may not be sufficient tc conp'lete the Cesigrn
of the structure. Some type of elastic analysis rcy be necessary to deterrine
the states of stress in the structure and the amount of estiruted deflection.

2.4 Finite-FElement Methods. The use of finite-elemeut rcthods (i.e., an

eiastic method) is particularly appropriate where a greater understanding of
the states of stress and deflecticns within the structure are of importarce.
This methcd can alsc handle cases where soil or rock exhikits a large reduc-
tion in strength after the peak strength is reached. JIn these¢ cases, a
finite-element method of analysis is ucetul in studying the pregressive-tvpe
failure., Where more detailed stability aralyses are reauired thar carn be
achieved by the shear friction and limit equilibriur methods, a finite element
model should be considered. Further discussicn of finite-element rodels is

beyond the scope of this report.
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3.0 Review of Overturning Analysis

3.1 Location of the Resultant. Little has changed in the methods ot

aralysis for overturrning through the vears. A free body ot the structure Iis
cut and the lorces on that structure are considered bv summing moments about
a point at the base of the structure. DMoments are generallv summed on the bhase
te eliminate the unknown base frictior. Since the intent or this method is to
determine the location or the foundation resuitant rather than the factor of
satety with regard to overturning, earth pressurcs at-rest wre generally used
in the analysis.

1f earth pressures at-rest are used in the analvsis and the resultant is
found to be located very close to the toe of the structure, it is possible
that the at-rest assumptior is neot satistied. An earth pressure between at-
rect snd active mayv applyv, ¢« well as trictien on the Faex side or the wall.
The friction would produce additional restorative menent and further prevent
the structure frem overturning. Tt is probably prudert to consider only ver-~
tical friction cn the structure for terporary loading conditions such as
dewatering or during extreme hvdraulic lcading conditicns, since @ substantial
friction may nct be maintained permanently,

3.2 Bearing Capacitv. Once the location of the resultant has been
p A

deterrined, the maximum bearing pressure can be easily cemputed from the pre-
vicus analysis. The bearing capacity lactor of safetv is determined as a
ratio of the allowable bearing capacity diviced bv the maximum bearing pres-
sure. Where a large ccncrete structure is bearing on rock. generally very
conservative maximum bearing capacities have lLeen computed fer the rock. Very
few instances of bearirg capacity failure for such types ol structures have
occurred. In most cases with concrete structures on rock where the resultant
is at lezst near the niddle third of the structure, the factor ol satetv on

bearing is veryv high.

4.0 Failure Mechanism

£.1 Intact Rock. In the past, stability analvses general!ly assumed that
the failure surface wus located within the intact soil or rock adjacecnt to the
structure. Relatively high factors o1l safety were used to cover a relatively
poor understanding o the mecharism of failure or the discontinuitics within

the rock mass. PFowever, for most desigr cases, an ingpection of the rock




quality «1d geologic structure werld indicote that al’uvre throupl Intact rock
is not likelv to occur.

4.2 Jointing. Jointing within rock has leen recognived as one ol the
major determining tactors for these instances where tai'uce occurs within a
rock mass. Analvsis of rocw strengthe on joints indicates that the strength
along the joint is many times icver thare tleat oo the intact rock., Joints are
generally assumed to be plancer but somewiat irregulaer cracks within the rock,
sttch that little or no cobesion is believed to exict on the joint surtace.

The joint surtrace is zssumed to have 4 friction that is determined by the

mineralogv oi the rock ratevial, as well

a= o corronent due to esperity or
irregularity on the rock surtace. Severa!l [rdex methoed: of making ecstimates
on the strenpth contribtuted by the irrecularities or asporties have been
developed ard are discussed [ater in this report.

,

4.7 NWeak Planes. ‘the presence of weal planes or  oink that are tifled

in with softened matericls are the nust sewere “1v o terms of atlecting the sta-—
bilitv of a structure. On these planes, weathering is asevied to have ocour-

VU, s ing in a materiai wi a dever anple o jriction thar 1at of
r resulting in a materiai with iover angl rict t! that of

intact rocth. additicon, Tittle or vo oasperits T gssumed to le present on

Poeen elither gou,

these planes a¢ the asperities nay Love ced ard destroved s
previcus displacerments or eroded awav ds & resuit o wegthering actlicon. When
thece weakened planes are present, o vesidual itiction angle rev be estincted
from correlations with Atterbery "Iunits, o1 tle shear strenath may Le taken as
the ultimate or residual! strength 1. Taboratory cirect shear tests.  Ara
analvesis tor a rev structure or the evaluition ot exicting structure zhould
incluce a caretul geologic review ot the vite conditicore as well as very care-
ful centivuous rock coriny te determive wlether suclh potential (e ilure sur-
taces atre present.

4.4 Rock-toncrete intcrtace. Coosidera’ e artention over the vears has
been directed towadard determining the oirenet! 7 the rock (rnorete inter’ace
and its eftect on the stabilitw ol the structure. Fowevey, recent reccarch,
as well 4o numerous in situ tests have shows thot, wihere reasenahle ¢rve s
.
!

voconcerete, there Joes 1ot

taken in preparing the rocl surface pricr to placi
appear to be a realfstic potential for “ailuve on such o surface.
Manv large-scale in situ shear tests have heen periorred specificaliv to
Is

evaluate this type of failure and the sheor strength parameters o the founda-

tion rock. The studies Indicate that . tle concrete and rocs have not
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deter:crated, shearing wil! Lave to be tlreugh the rock or through asperities
on the rock surtface. actually, Tama ard Votuhuri (19.8) report evidence that
slidirg almost rever cccurs alony the concrete-rock centact, but within the
rock rass some small distance telow the contact, However, where the gstrength
of rock is very high in comparison to that of concrete and discontinuities
‘ithin the rock are not present, then this surtace hecomes a rore realistic
surface '¢r petential lfailure. In mest of thesc caves, the fectors of safety

of slidirg would generally be versw ligh,
£ 2 3

.0 Parametee

500 Tarawnctric Studies.  Paremeust o oary analvsis method certain param=~

etery rust he cheecern as input to the apalrcis,  in the evaluatior of on exist-
ing structure the determing! {vr of the frpat paramelors can bhe e:xtremely
, .

diviicult ey’ expensive. frothe case of Trov Teclk ard Lam, a parametric studs

was perforrec in oan oa’eret to Sder ity wvhich rarameters nost atfected the

stot P10ty o the provity ctpncinres fveided on rock. This paranetric or
sensitivity study was pertorred e e Thear Priction Method of analvsis,
Vorardside norol ol subfecied to eartt rreseure and water prescure load-

Ing and o typica) dar roolith were ol sen a0 depresentative sections on which
to aprn’ the auatveiel The proc erers Wb feh the crelvsis ceorcentrated were
thowe for which a-cvrption. oy approdiratfors wvere required to determine wai-
ues,  ihe parameters which are coma Iy krown vith grenier certainty, such as
pecietre s welcht of structure, ard ca-iiw caleulated wvater loads, were held
constant.,

Jhe arareiors Jistes

Perow woere woried as the analvses were performed.,

Lerdside Tecok Donolith:
Lo iplitt pressnre,

o Hawser puls,

. STIdin o rriciier e le,
G Flevatiens of wate: Vonaind Toon wean !, ’

. lateral eaith pres e ccellicicert,

G, Rack!{ill unit weivht.




Dam Monolith:
1. Uplift pressure.
2, Sliding {riction angle.
3. Elevation «f structure bLase.
4, Depth of giltation in front of dam.
5

. Anchor bar capacity.

For each of these parameters & range of variation was estimated. The
increase or decrease inr the sliding and overturning factors of safety for each
value of the parameter were computed frem the midrange value ard plotted.
Summary plots {rom the resuvits of the rarameter studies are presented on
Plate 3.

The influence ¢f the parismeter on the overturning cr slidirg factor of
safety is greatest wvhen the slope of the lire is tlattest. As can be scen
from the graphs, the rock shesr strengtlh (or frictior angle) has the most
significant effect on the siiding stability of the structure. The factecr of
safety against slidirg can varv by approximately 0.85 over a ten-degree range
¢! variatior of the fricticon angle. O lcesser but significart fumportance are
the lateral earth pressure coetfficient, the elevatior of water behind the lock
wall, and the uplitf't pressures “eneath tie structure.

For cverturning cf the lock monclith, the lateral esrth pressure cceffi-
cient and the elevation ol water hehird the lock wall are the mest significant
factors. Within the estimated rarge of variation of these two paranetlers,
the percent of base in compressicn can varv by over 60 percent, The uplift
force on the base «f the lock wall structure has lesscr hut still cignificart
influerce on the factor of safet. against overturning.

The tollowing discussion provides insight into methods of determining the
key input parameter of rock shear strerpth, and method to hetter estimate
uplitt, hydrostatic torces cuuced bv water in the backfill, and the forces
applied by the backfill itcel!!.

5.2 Rock Farameters. As diccussed in Section'4, the strength cf the

rock may be represcnted by that of the intact rock, the strength alcug an
unweathered joint, or the strergth aleng a weathered icint where au ultimate
or a residual-type of strength may apply. Tn few cases would the strength of
intact rock apply, hecause gencially rock has at least minor jointing which

would greatly reduce itu in situ strength from that of intact strengths. The
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presence o! ‘cirts is best determined by a good geclogic analysis and review
0. the areus before extensive exploratory drilling is conducted. An identifi-
cation of jointing, toliation, bedding, preexisting slides or stress-relief as
& result of glacial unlcading fror geclogic maps and nearby cutcrops wil)
usually give the designer a good indication of the geologic structure of the
rock price te anv explcratory drilling. Knowing where and how the joints may
be formed is important in selecting thie proper exploratorv program to deter-
rire how they should he assessed in determining the rock mass strength.

The determination of the friction angle of a joint in rock is difficule,
and is ofter evaiuated using several Independent methods. /A literature review
of large-scale in situ shear tests cn similar rock may be helpful.

An empirical peak shear strength equaticn developed by Barton (1973) is
commonly used in practical 11eld applications to estimate the shear strength
ol rough joint surtaces ir rock (Heek, 1983).

The equaticr is:

= 4 i o= b+ JRC log (JCS/N)

k b
where 7 = Peak draired frictior angle
Y. 7 Pasic (smooth) frictier angle
JRC = leint roughness coefficient
JCS = Joint cempressive strength
N = Effective normal stress
The paraneter ? is the hasic friction angle of the unweathered rock.

h
This parareter is typicelly deterwined by direct shear testing of smooth rock

surfaces or of o joint which has heern subjected tc considerable displacement
(Hoek and Prav, 1981).

The value tor JRC can be estimated {rer field descriptions cof the joint
surface, lift tests on jointed core, 3jvinted rock blocks, or direct shear
tests. JKC varies from ( to 20 (Plate 4) for smoorh to very rough surfaces,
respectively,

A rough estimale of JRC can also be determined from measurement of the
joint rcughness amplitude over various jcint lengths (Barton, 198!). For
exarple, an anplitude of about 6 inches (150 mm) over a joint length of

approximately 10 feet ( 3 m) indicates a JRC of atout 20 from Plate 5.
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5.3 Soil-Related Paraneters. The coefficient of earth pressure at-rest,

the unit weight of the backfill material, and the slicar strength of the bock-
fill are the general input parameters required to establish the soil lcads
applied to the structure. The kev scil-related parameter in the Shear iric-
tion Method is the coetficient of eartl pressure at-rest, Jurrently, no
effective means of measuring the at-rest carth pressure are aveiloble. Vari-
ous methods of approximating the coeftficient or eavth pressure based on o e~
lations with triction angle or other material properties are avajilable.

¢ -

In the lLimit Equilibrium Methoed, the loade resulting rrom the buclfi!
are dependent on the iiput parameters of unit weight and shecary strength of the
material. The methodology tor deterrining soi:i pressure I\‘ and the fric-
tion force (SS) je illustrated in Plate .. Tle Jdeternination o the input
paramcters of unit weight and chear strepptl can be determined v corvent fonn?
laboratory testing procedures. er the limit ccuilibrivn aualveis where the

factor of safetv is well over ., this nethod

results Loedrth prevoures presto:
than the earth pressure ot-rest. bowever, as precious!y discnssed, the 1ethod
of analyvsis is not intended to determine the actuel states of stress, bt ool

to determine the mobilired strenyt! s as a4 ratic o the ultirate strenpths of

s0il and rock. Therefore, this (s 1t corsidered to Ye an incercistenc.,
Frictien hetween the o0 backt i’ sud the structure 700 e CUeral oo
not considered in the Limit quilibrive Merihrod., However, a relstivels low
value ot friction, or the order of cne-haly of the fricti . angle m hNiit1rced
the sliding analyvsis, 1s routinely used in the pectechnical marvals tor ti

design of earth- and roeck-til' dams. [hi~ (riction §i: considered

Lt anpro-
priate in cases where the core of the ‘am is relatively corpressiblie in cor-
parison to that of the shell compressibility. These conditiors are sutis:icd
for the case of a scil backfili behind a corcrete gravity wall ard mo te
approrriate in the analysis cof the concrete dam on o veck foundation as long
as relatively small values of friction are considercd. The resisting frictic:
force (SS) is shown on the free udies ol the structura. wedge on Mlote 2,
5.4 Hydrostatic Parameters. VWater ievels in the backrill sre estirate?,

L
either based on groundwater data froem the area ¢r are baced on control as o

result of the installaticn of drains. The upliit pressurec Felow the lLase o!
the structure are usually estimated by makirg a linear interpolatior hetween
the hydrostatic and the hyvdraulic conditions crn the exterior wall o! the struc-

ture. Where relief wells are installed below the structure, scre reduction in
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these hydraulic pressures is generally considered based on an assumed effi-
ciencv of the wells.

t.ererally minor inaccuracies in determining the hydraulic loading do not
have a large effect on the computed factor of safety for sliding or the over-
turning analysis. In some existing structures, however, rather large uncer--
tainties as to the hydreulic lcading mav occur. For these cases it is
generally desiratle to install piezometers to mcuitor water pressures dnd
reduce the level of uncertainty.

In the overturning analvsis where the resultant falls outside of the mid-
dle third, the methods of analvsis generally require that the full hydrostatic
head tor the backfill be appliec up the point of base contact and then linearly
reduced to the external hydraulic pressures. Instrumentation mayv show that,
in reality, full hydrostatic pressures do not extend in the su-called "zcrne

of teusion" between the concrete structure and the rock hase.

6.0 Kecormended Evaluation Criteria

6.1 Sliding Factor of Saletv. Assuming a Limit Fquilibrium Method cf

analvsis and sliding shear strengths based on a thorcugh geologic review and
assessment of the site as well as continuous coring and laboratorv testing,
factors of ratety of . shculd be considered acceptable for rermal loading
conditions. Similar nethods of analysis for earth- and rock-fill dams cur-
rently accept factors of sarety ot [.5 for such analyvses. Justifications for

o

rct lowering the factor of safetv of 2 for concrete structures on rock mav be
based on ccnsiderations of the strain compatibility of the naterials and some
adaitional urcertainty about jointiprg in the rock materials. In the authors'
opinion, these are reascisble justificatiens for maintaining the required
factor of safety at L.

6.2 Overturning Resultant. For many existing ccrcrete structures it cap

be difficult to accept overturring resultants that do nct fall within the mid-
dle third ot the structure, as trequently happens. Under extreme loading
conditions, f.e., dewatered or other hvdraulic loading conditicns, it may be
suitable to allcw only 50 percert of the base in compression. However, it is
best to do this only in cases where the hydraulic ccrnditions are controlled.
This allows the engineer the ability to change loading conditions sheuld
apparent instebility result. For the short-term loading ccrditions it is also

recommended to consider such forces as friction between tke bhackfill and the
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concrete/gravity structure, since substantial friction mav apply for these
short-term loading conditions. Until better methods ci review and analysis
are available, it is desirable to keep 100 percent of the base in compression
for the normal loading conditicns and at least 50 percent of the base in com-
pression for the extreme loading conditiors where some concrol e svailable to
the operators of the structure.

5.3 Bearing Capacity Factor of Safety. Because it is difficult to accu-

rately determine the ultimate bearing capacity of rock, some conservatism in
inkerent in the selection c¢f the design ultimate hearing capacity. Therefore,
calculated factors of safety of at least 2 are pircbably relatively conserva-
tive when used in the analysis, as the actual factor of satety is likely to be
somewhat higher. However, it is important in this case to make a careful
examination of the bearing surtace at the toe of the structure to determine
that it has not deterjiorated over the vears as a vesull of weathering of the
rock materials and that the full extent of the bearing area is intact.

6.4 Strain Compatibilit and Progressive Failure. Where the potential

for progressive failure or a similar mechanism exists, it is important to
conduct some type of elastic analysis, preferably a finite-element method, in
order to determine if portions oif the failure plarnes are stressed bevond the
peak into a relatively low ultimate strength. Where this occurs, a much lower
factor of safety than that computed by the Limit Fruilibrium Method mawv applv.
For such a case with existing structures, it i: Iikelv that some evidence of
deflection would be observable in the field. Hcwever, interpreting this

evidence may be very difficult ir some cases.
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Corps' Comments Concerning the Overturning

Analysis Shown on Plate 2

The Corps of Engineers does not use a safety factor method to evaluate
overturning. An acceptable model of the overturning capacity of a structure
would have to account in some way for the changes in the lateral earth forces
and the frictional stabilizing force between the backfill and the structure as
the structure begins to tilt, The tilting analysis shown on plate 2 does not

account for these changes.

Further research is needed to develop an overturning stability aralysis method
that allows the calculation of a factor of safety and is acceptable for use by

tlie Corps of Engineers.
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ROBINSON"'S
TYPICAL ROUGHNESS PROFILES for JRC range; DESCRIPTION

1 lr ~ 0-2 Smooth, planer
i _ Slightly irregular,

2 ’ I 2-4 planer

3 lr. e -——{ 4 -6 teragular, planer

- Very irreguiar,
4 '—‘_—N_W’"—{ 6-8 planer
- lrregular, slightly
5 }'M 8$-10 undulating
lrregular,
6 W 10-12 undulating

- Very Irregular,
7 m 12-14 undulating

. lrregular,
8 W 14 -16 very undulating

R Very ircegular,
9 h\,/\——'—/\/\_\_" 16 -18 very undulating

Very irregular,

‘,_,__\_/\__‘/‘-—f/_‘—"\f—_“‘\{ 18 -20 stepped and
10 undulsting

° 10
| SRR S (S G SRS QI S GUND G SUEES L sCAaLl

After: ISRM, 1978

DISCONTINUITY
ROUGHNESS CLASSIFICATION

SHANNON & WILSON, INC.

Sootootingl Canaultente

Al9 PLATE 4

AR ey




JOINT ROUGHNESS COEFFICIENT (JRC)_l
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APPENDIX R

STABILITY CRITFRTA FOR REHABILITATICKN
OF NAVIGATION CONCRETE STRUCTURES
- (DRAFT ENGINEERTNG TECHNICAL LETTER)
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1. Purpose. The purpose of this letter is to provide (viteria and procedures
to be used when analyzing the stability of existing navigation concrete struc-
tures which are to be rehabilitated. Plans for rehabilitation will be

developed in compliance with the referenced documents.

2. Applicability. This letter is applicable to all field operating activi-

ties haviung responsibilities for the design and construction of civil works

projects.

3. References.

a. FEM 1110-1-2101, "Working Stresses for Structural Design,"
1 November 1963,

b, EM 1110-2-2602?, "Planning and Design of Navigation Lock Walls and
Appurterances,' 30 June 1960.

c. EM 1110-2-2606, "Navigation Lock and Dam Design, Navigation Dams,"
June 1950,

d. WFS Instruction Report F-80-4, "A Three-Dimensional Stabilitv
Analvsis/Design Program (3DSAD), Report 4, Special Purpose Modules For
Dams (CDAMSY," August 1983,

e. FR 1110-1-8100, "l.aberatoryv Investigatiore and Materials Testing For

30 August 1974,

Military and Civil Works Construction Projects,"

f. FR 1110-2-1200, "Plans and Specifications,'" 12 June 197..

g. FTL 1110-2~22, "Design of Navigation lock Gravity Walls,"
19 April 1967.

h. ETI 1110-2~256, "Sliding Stability for Concrete Structure,
24 lune 1981.

i. Post-Tensioning Institute, "Recommendations for Prestressed Rock and

Soil Anchors."

4. Background. The same stability criteria have been used for the design of
new structures anc for the reviewing of existing structures. Some existing
structures, although do not meet the current stability criteria, have performed
satisfactorily in the past. It does not seem to be economical or necessary

to improve the structure just to satisfy the criteria when the remaining life
of the structure is short or when there is no indication of anv stability

problem., Waivers to the current criteria have been granted on a case-by-case
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basis. This ETL will provide a standard procedures and uniform requirements
for reviewing existing structure. It should be used with caution and good
engineering judgment., The reduced criteria in the ETL can be used only when
certain conditions are met and should not be considered as a convenient

solution for structures with a stability problem.

5. Procedures. The following procedures shall be used in the evaluation of
current stability ccnditions and determination of necessary corrective mea-
sures for the rehebilitatiou of the existing structure. The stability of the
structure should be reviewed when there will be significant changes in the
loading conditions, severe damages due to aging or deterioration, major medi-
fications or additions to the structure, or when design criteria Fave been

.znged to make them more conservative.

a. Existing Data. Collect and review all the availakle data and informa-

ticn o! the structure including geological and foundation data, design plans,
as-buiit plans, periodic inspection reports, damage reports, repeir and main-
tenance records, plans of previous modifications to the structure, measure-
ments and instrumentation data, and cther pertinert information. Anv unusual
structural behavior in the past which mav be considered as an indication of
unstable condition or any factor which rmav contribute to the weakening o: the

structure’s stability should be noted and investigated further,

b. Site Inspection. Inspect and examine lle existing structure and site

conditions. Any significant difference in structure details and loading con-
ditions between existing conditions and design plans, and any major damage due
to corrosion, deterioration, and traffic should be identified and evaluated

for possible effect on the stability of the structure.

c. Preliminary Analysis. Perform the preliminary aualyses based on refer-

enced criteria and available data. 1If the structure does not meet the cur-
rent stability criteria, list the possible remedial schemes and prepare the

cost estimate for each scheme.

d. Design Meeting. Call a meeting between District, Division, and

DAEN-ECE representatives to discuss plans for the proposed detailed analvsis,
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the extent of the sampling and testing program, the remedial schemes to be
studied, and the proposed schedule. This meeting will facilitate the design
effort and should obviate the need for major revisions or additional studies

when the results are submitted for review and approval.

e. Parametric Study. Perform a parametric study to determine the effect

of each parameter on the structure's stability. The parameters to be studied
should include, but not be limited to, unit weight of concrete, groundwater
levels, uplift pressures, and shear strength parameters of the backfill mate-
rial, structure- foundation interface, and rock foundation. The maximum
variation of each parameter should be considered in deteimining the effect of

each parameter.

f. Field Investigations. Develop an exploration, sampling, testing, and

instrumentation program, if needed, to determine the magnitude and the reason-
able range of variation for the parameters which have significant ettects on
the stability of the structure as determined by parametric study. A Division
Laboratory should be used to the maximum extent practicable to perform the

testing.

g. Detailed Stability Analyses. Periorm detailed stability analyses

using the data obtained from the sampling and testing program and procedures
from referenced guidances. Three~dimensional modeling mav be used in the

analyses to achieve a more accurate prediction of the structural behavior.

h. Review and Approval. Present the results of detailed stability

analyses and cost estimate for remedial measures tco the Division office for
review and approval. 1f deviation from current stability criteria was made in
the analyses, results should be sent to HQUSACE (DAEN-ECE-L) for approval.
Justification for deviation from referernced stability criteria is given in

paragraph 6.

i. Plans and Specifications. Develop design plans, specifications, and

cost estimate for proposed remedial measures in accordance with ER 1110-2-1200.
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6. Considerations of Deviation from Referenced Stability Criteria,

a. The purpose of incorporating a factor of safety in structural design
is to provide a reserve capacity with respect to failure. The required magni-
tude of this margin depends on the consequences of failure and on the degree
of uncertainties regarding loading variations, analysis simplifications, design
assumptions, material strengths, and construction control. For evaluation of
existing structures, a higher degree of confidence may be achieved when the
critical parameters can he determined accurately at site. Therefore, devia-
tion from the referenced stability criteria for the analysis of existing

structure may be allowed under certain conditions.

b. TIn addition to the detailed analvses and cost estimate as listed in
paragraph 5.h, the following information should also be presented with the

recuest:

(1) Justification which will demonstrate that improving the existing

structure to meet the referenced stability criteria is not practical.
(2) The anticipated remaining lite of the structure.
(3) 2 «tudy of consequences ir case of failure.

¢. Approval of deviation from referenced stability criteria depends upon
the degree of confidence in the accuracy of design parameters determined in
the rield: the remainrning life of the structure; and the adverse effect to
lives, properties, and services in case of failure. Table 1 lists the minimum

requirements for structure stability criteria.




TABLF 1
MINIMUM STABIIITY CRITERIA FOR
KEHABILITATION OF NAVIGATION STRUCTURES

CASES NORMAL COND. MAINT. COND. SEISMIC COND.
REMATNING
LIFE TEMP. PERM.* TEMP. PERM.* TEMP. PERM %
7COMP. AREA OVEEK RESULTART
BASE ARFA 507 757 407 607 WITHIN PASF
F.S.--SLIDING 1.60 1.80 1.50 1.75 1.10 1.30

NOTE: Maximum bearing pressure at any point shall not exceed the beariug
capacity of the foundation material im all cases.

* When no replacement is planned.

-

7. Stability Requirements For Remedial Measures. When it is determined that

remedial measures are required for the existirg structure, these measures
should be designed to meet the referenced stability criteria. Deviation from
these criteria may be allowed in accordance with the recuirements in para-
graph 6. Approval of deviation ror analvsis of existing structure does 1ot

constitute the approval of deviation for remedial measures,

8. Stressed Rock Archor. Stressed anchers mav be used to stabiliie the

existing walls, foundation slabs. and concrete ronoliths., Thev are etiective
against overturning, lateral movement, and uplirt. The rumber and capacity of
anchors used should be based on engineering ceorsiderations and stability
requirements. The existing concrete and structure sheould be checked for its
capacity te carry the sustained loed at the anchorage points. Anchors should
be provided with double corrosien protection., Design, installation, and
testing ot anchors and ancherage should be in accordance with the "Recommenda-

tions For Prestressed Rock and Soil Anchors"

by the Post-Teusioning institute.
Ailowable bond stress used to deterrine the length of embedment should be
based on test results. percent of the anchors, to be selected randomlv

by the engineer, shall be performance tested.

9, Il'nstressed Rock Anchor.

a., General-

b. Method of Aralysis--

c. Tvpe and Material
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d. Design Considerations-—

e. Construction Guidance--

f. Testing Requirement and Procedure--

g. Protection Criteria--

APPENDIX: Design Examples

»U.S. GOVERNMENT PRINTING OFFICE : 1987-732-534 /40468
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